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PREFACE 


The  XIV  International  Conference  on  the  Physics  of  Electronic  and 
Atomic  Collisions  was  held  on  the  campus  of  Stanford  University 
July  24  -  30,  1985,  and  was  hosted  by  the  Molecular  Physics  Depart¬ 
ment  of  SRI  International  and  the  Department  of  Physics  at  Stanford 
University.  The  conference  was  attended  by  about  740  scientists  from 
about  35  nations,  indicating  the  strong  worldwide  interest  and  vitality 
of  this  field.  The  720  contributed  papers  presented  at  poster  sessions 
showed  that  the  research  activity  is  continuing  at  about  the  same  level 
as  in  the  past  few  years.  Eight  satellite  meetings  devoted  to  more 
intense  discussions  of  individual  topics  were  held  in  conjunction  with 
this  conference. 

This  book  contains  the  papers  of  the  invited  lectures  given  at  the 
conference,  the  program  of  invited  lectures  having  been  selected  by  the 
program  committee  from  suggestions  by  the  general  committee.  N.F. 
Ramsey  gave  the  opening  lecture,  reviewing  the  history  of  molecular 
beams,  and  plenary  lectures  by  R.  Gentry.  G.  Dunn,  and  U.  Heinzmann 
followed  on  successive  days.  The  major  fraction  of  the  invited  program 
consisted  of  review  talks  and  progress  reports  on  topics  of  long  standing 
interest  to  the  participants. 

Symposia  on  topics  of  strong  current  interest  included  “Dynamics  of 
Photo-  and  Electron-Capture  Dissociation,  Energy  Transfer  Processes 
Involving  Polarized  Atom  Collisions,  State  Resolved  Capture  by  Multi- 
charged  Ions,  and  Multiphoton  Ionization”.  These  topics  reflect  some 
of  the  most  intense  current  activity  and  interest  of  the  conference 
participants  and  provide  an  assessment  of  the  status  of  these  areas. 
Finally,  Hot  Topic  papers  selected  from  the  contributed  papers  to  be 
presented  orally  are  also  included  here. 

New  techniques  and  applications  also  continue  to  be  developed  that 
provide  vitality  and  new  directions  to  the  field.  For  example,  the 
recent  progress  on  the  laser  cooling  of  atoms  and  its  possible  applica¬ 
tion  to  collision  physics  was  described  as  well  as  progress  in  producing 
beams  of  low  energy  positrons  and  polarized  electrons. 
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Preface 


The  scope  of  the  conference  has  broadened  in  a  natural  way  as  the  field 
has  progressed,  the  problems  of  interest  have  changed,  and  the  tools  at 
our  disposal  have  improved.  This  evolution  was  particularly  evident  at 
this  conference  from  the  increased  attention  being  given  to  the  role  of 
exit  channel  spectroscopy  and  decay  processes  in  all  types  of  collisions 
whether  they  were  excited  with  ions,  electrons,  or  photons.  It  is 
exemplified  by  the  photo  excitation  processes  in  which  it  is  possible  to 
prepare  well-specified  systems  on  which  to  conduct  “half-collision” 
experiments.  Thus,  the  exit  channels  of  many  types  of  collision  pro¬ 
cesses,  such  as  autoionization,  dissociation,  and  detachment,  are  being 
investigated  on  a  detail  previously  unavailable.  This  research  is  possible 
in  part  because  photon  sources  such  as  synchrotrons  and  lasers  have 
become  generally  available  and  useful  to  many  researchers.  Thus, 
ICPEAC  is  recognizing  the  close  relationship  of  the  collisions  and 
spect’^oscopy  fields  and  the  important  interdependence  of  these  areas  of 
research  to  each  other.  These  developments  provide  new  and  exciting 
avenues  of  investigation  and  lead  to  improved  understanding  of  the 
basic  problems  of  atomic  and  molecular  collisions. 

The  editors  are  grateful  to  the  authors  for  their  cooperative  efforts  in 
completing  the  manuscripts  in  a  timely  manner  to  allow  early  publica¬ 
tion  of  these  papers.  We  are  also  indebted  to  Faye  Knowles  and 
Gabriella  Huff  of  the  SRI  Molecular  Physics  Department  for  their 
painstaking  work  on  correcting  the  final  manuscripts. 

A  noteworthy  original  contribution  to  ICPEAC  XIV  was  due  to  M.J. 
Coggiola  who  composed  appropriate  lyrics  to  a  number  of  folk-songs 
that  were  sung  on  this  occasion.  Three  of  these  songs  are  included  in 
this  book  at  places  appropriate  to  their  topical  significance. 


D.C.  LORENTS 
W.E.  MEYERHOF 
J.R.  PETERSON 


This  conference  is  indebted  to  the  following  sponsors: 
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The  National  Science  Foundation  (NSF) 

The  Department  of  Energy  (DOE) 

International  Union  of  Pure  and  Applied  Physics  (lUPAP) 
The  Office  of  Naval  Research  (ONR) 

The  Air  Force  Office  of  Scientific  Research  (AFOSR) 
The  National  Aeronautics  and 

Space  Administration  Goddard  Space  Flight  Center  (NASA) 
EG&G  Princeton  Applied  Research 
Leisk  Instruments 
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The  Institutional  support  of  SRI  International  and  Stanford  University 
in  providing  facilities,  resources,  and  personnel 
is  gratefully  acknowledged. 
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OSCILLATIONS  IN  THE  HISTORY  OF  MOLECULAR  BEAMS 

Noniian  F.  RAMSEY 

Lyman  Physics  Laboratory,  Harvard  University,  Cambridge,  MA  02138 


1.  INTRODUCTION 

The  subject  of  molecular  beams  is  now  just  75  years  old.  The  first  publica¬ 
tion  on  niolecular  beams  was  by  Dunoyer  (1)  in  1911,  but  even  in  those  early  days 
there  must  have  been  an  interval  of  about  a  year  from  the  beginning  of  a  first 
molecular  beam  experiment  to  its  publication  so  work  in  the  field  must  have  be¬ 
gun  in  1910,  just  75  years  ago. 

The  earliest  molecular  beam  experiments  were  primarily  tests  of  kinetic 
theory,  followed  by  measurements  of  atomic  and  molecular  collision  cross  sec¬ 
tions.  Since  then  the  history  of  molecular  beams  has  followed  an  oscillatory 
path  as  newly  invented  techniques  shifted  and  even  excessively  shifted  the  pri¬ 
mary  interest  from  one  field  to  another.  Studies  of  atomic  collisions,  for 
example,  at  one  time  dominated  the  field  but  were  later  mostly  abandoned  in 
favor  of  magnetic  deflection  experiments  for  the  measurement  of  atomic  and 
nuclear  magnetic  moments.  Subsequently  the  interest  in  scattering  experiments 
revived.  The  history  of  molecular  beams  since  then  has  been  oscillatory  with 
primary  attention  oscillating  between  collision  experiments  and  spectroscopic 
experiments  up  to  the  present  time  when  a  merger  between  the  two  kinds  of  ex¬ 
periments  seems  to  be  taking  place  with  many  of  the  most  interesting  experiments 
involving  both  collision  techni(|ues  and  laser  spectroscopy  to  identify  the 
atomic  states  involved  in  a  collision. 


2.  KINETIC  THEORY 

The  original  molecular  beam  experiment  by  Dunoyer  (1)  in  1911  used  the 
simple  apparatus  of  Fig.  1,  but  it  contained  the  characteristic  features  of 
most  subsequent  atomic  and  molecular  beam  apparatus:  a  source  (of  Na  atoms), 
a  region  sufficiently  well  evacuated  for  the  atoms  to  traverse  the  apparatus 
without  collision,  a  collimator  and  a  detector  region  (in  this  case  a  cooled 
Surface  on  which  visible  amounts  of  Na  atoms  would  deposit). 

The  objective  of  Dunoyer's  original  experiment  was  to  confirm  one  of  the 
simplest  predictions  of  kinetic  theory:  that  atoms  in  a  low  pressure  region 
travel  iri  straight  lines. 

In  subsequent  years  a  number  of  other  kinetic  theory  experiments  were  carried 
out  --  with  a  peak  of  such  activity  during  the  period  1920-1930.  Stern, 

Eldridge  and  others  (2)  did  a  number  of  experiments  to  measure  the  velocity 
distributions  of  the  molecules  emerging  from  a  source.  Some  of  the  earliest 
experiments  utilized  an  atomic  beam  apparatus  that  was  rotated  about  an  axis 
perpendicular  to  the  beam  to  measure  the  atoms  velocity  by  the  shift  of  the 
beam  deposit  from  the  position  of  deposit  when  there  was  no  rotation.  Other 
experiments  used  choppers  and  free  fall  under  gravity.  All  of  the  experiments 
provided  good  general  confirmation  of  the  Maxwell  velocity  distribution  but  the 
experiments  were  not  sensitive  to  the  number  at  extremely  low  velocities  such  as 
a  few  meters  per  second. 

The  angular  distribution  of  molecules  emerging  from  a  source  with  thin  de¬ 
fining  apertures  were  studied  by  Knudsen,  Stern  and  others  (2).  They  showed 
that  a  cosine  distribution  law  was  followed  such  that  the  number  dQ  of  molecules 
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FIGURE  1 

Schematic  diagram  of  Dunoyer's  original 
atomic  beam  apparatus  (1). 


moving  per  second  into  solid  angle  d.  from  a  source  aperture  of  area  A5  was 
given  by 

dQ  =  (^■;  )  nv  COS" 

where  "  was  the  angle  of  the  emerging  atoms  relative  to  a  perpendicular  to  the 
aperture. 

Claussing  and  others  (2)  during  this  period  studied  the  effect  of  source 
channels  whose  thickness  exceeded  their  width  and  showed  that  beams  were  con¬ 
centrated  more  in  the  forward  direction  than  expected  from  a  cosine  law. 


3.  EARLY  SCATTERING  EXPERIMENTS 

One  of  the  earliest  applications  of  atomic  and  molecular  beams  was  to  study 
scattering.  Mean  free  paths,  ,  of  atoms  passing  through  gases  at  suitable 
pressures,  p,  were  measured  from  the  relation 


where  Ip  is  the  intensity  transmitted  at  pressure  p  and  t  is  the  length  of  the 
scattering  region. 

Soon  thereafter,  molecular  beam  measurements  of  the  angular  distribution  of 
molecular  scattering  were  carried  out  by  Born,  Estermann  and  others. 

Also  during  the  1930's  interactions  of  atomic  beams  with  solid  surfaces  were 
studied  by  Knauer,  Estermann,  Stern  and  others. 


The  History  of  Molecular  Hearns 
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4,  OPTICAL  SPECTROSCOPY  WITH  ATOMIC  BEAMS 

One  of  the  principal  sources  of  the  width  of  spectral  lines  in  early  optical 
spectroscopy  was  first  order  Doppler  shift.  Soon  after  the  molecular  beam 
technique  was  invented  it  was  realized  that  the  high  directivity  of  the  beam 
could  greatly  reduce  the  first  order  Doppler  broadening  by  viewing  the  atoms 
from  the  side,  perpendicular  to  their  line  of  motion.  As  a  result,  beginning 
in  1913  atomic  beam  sources  were  used  in  optical  soectrorcopy  by  Dunoyer, 
Jackson,  Kuhn,  Kopfermann  and  many  others  (2),  but  their  use  was  limited  by 
their  limited  intensity  of  the  beam  technique. 


5.  MAGNETIC  DEFLECTION  EXPERIMENTS 

A  major  revolution  in  atomic  and  molecular  beam  experiments  was  initiated 
with  the  use  of  inh'-.nogeneous  magnetic  fields  to  deflect  the  beams.  In  a 
homogeneous  magnetic  field,  an  atom  with  a  magnetic  moment  is  not  deflected 
since  the  force  on  the  north  pole  of  the  magnet  is  equal  and  opposite  to  that 
on  the  south  pole  leading  to  no  net  force  on  the  atan.  On  the  other  hand  in 

an  inhomogenecjs  magnetic  field  the  force  on  the  north  pole  is  different  from 

that  on  the  south  pole  and  the  atom  is  deflected  in  its  passage  through  the 
i nhor oqeneous  magnetic  field.  This  technique  was  first  used  by  Stern  and 
Gerloch  (2)  in  their  great  experiment  which  gave  a  clear  demonstration  of  the 
reality  of  space  qiianti.'ation  and  which  also  clearly  demonstrated  experimentally 
that  the  spin  angular  momentum  of  the  electron  was  1/2  in  units  of  -h  =  h/2  . 
Adoitional  experiments  on  the  process  of  space  quantization  including  the  ef¬ 
fects  of  changing  .uagnetic  field  dire-tions  were  carried  out  by  Stern,  Frisch, 
Ester-mann  and  others. 

Although  the  deflections  were  largest  with  electron  magnetic  moments.  Stern 
soon  realized  that  nuclear  magnetic  moments  could  be  deflected  in  a  similar 
fashion  even  though  the  nuclear  magnetic  moments  were  approximately  2000  times 

smaller  than  atomic  or  electron  moments.  Stern,  Esterniann  and  others  during 

the  late  1930's  used  this  technique  to  measure  the  magnetic  moments  of  the 
proton  and  deuteron  in  the  molecules  H2  and  0?.  Since  both  ot  these  molecules 
were  tne  electron  spin  magnetic  .noments  were  oppositely  directed  and 
cancelled.  A  major  difficulty  of  the  experiment  was  to  distinguish  between 
the  nuclear  magnetic  moments  and  the  molecular  rotational  magnetic  moments  due 
to  the  circulating  electrical  charges  of  the  rotating  molecule.  These  could  be 
distinguished,  however,  by  separately  studying  para-hydrogen  for  which  the 
nuclear  magnetic  moments  cancelled  and  the  deflection  was  due  only  to  the  ro¬ 
tational  magnetic  moments.  With  the  value  of  the  r,/iational  magnetic  moment 
inferred  from  the  para-hydroyen  experiments,  the  deflection  experiments  with  a 
normal  mixture  of  ortho-  and  para -hydrogen  could  be  analyzed  for  the  contribu¬ 
tion  due  to  the  n:.,.le3r  magnetic  moments  alone.  The  accuracy  of  the  experi¬ 
ments  in  measuring  th.o  proton  and  deuteron  magnetic  moments,  iiowevor,  was 
Severely  limited  both  by  the  smallness  of  the  deflection  and  by  the  need  to 
adjust  the  direct  observations  for  the  contribution  of  the  rotational  magnetic 
moments  of  the  molecules.  The  result  was  exciting  and  surprising:  the  proton 
magnetic  moment  was  not  equal  to  one  nuclear  magneton  (eh/2Mc  with  M  =  proton 
mass)  but  was  considerably  larger. 

The  interest  and  excitement  of  the  magnetic  deflection  experiments  necessari¬ 
ly  drew  attention  away  from  scattering  experiments  which  started  a  decline  in 
the  interest  in  scattering  and  interaction  experiments  which  continued  until 
wel  1  after  Worl d  War  II. 
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6.  BhEIT  kABI  iORMMLA 

Although  the  early  experiments  ot  Stern,  Gerloch,  Frisch,  and  others  (2)  con- 
f^iniied  ,,iariy  of  the  quaritu!:i  mechanical  predictions  about  the  behavior  of  electron 
spins  in  magnetic  fields,  there  were  also  experimental  anomalies  that  did  not 
fit  well  with  theory.  1.  Rab.  (2)  pointed  out  that  these  apparent  disagree¬ 
ments  between  theory  and  experiment  were  due  to  the  neglect  in  previous  theories 
of  the  effects  of  nuclear  magnetic  moments  in  paramagnetic  atoms,  i.e.  atoms 
with  electron  magnetic  moments.  Since  the  electron  magnetic  i.ioment  is  about 
2000  t.v  s  greater  than  a  nuclear  magnetic  moment,  it  had  seemed  easonable  to 
neglect  the  effect  of  the  nuclear  magnetic  moment.  However,  Rabi  pointed  out 
that  in  low  external  magnetic  fields  the  nuclear  magnetic  moment  and  the  elec¬ 
tron  magnetic  moment  are  coupled  togethe  -  magnet ica 1 1 y  so  that  the  small 
nuclear  magnetic  moment  partially  controls  the  la^ge  effective  magnetic  moment 
of  the  atosi.  Breit  and  Rabi  in  1921  quantitatively  demonstrated  this  effect  in 
the  now  famous  Breit  Rabi  formula  which  shows,  for  example,  that  in  an  atom 
with  electronic  spin  1/2  and  nuclear  spin  3/2  the  effective  magnetic  moment  of 
the  atom  varies  with  external  magnetic  "^ield  as  shown  in  Fig.  2. 


7.  AlOMIf  BEAM  PE i  1  ECT iOfl  MEASUREMENTS  OF  NUCLEAR  SPINS  AND  MAGNETIC  MOMENTS 

The  Breit-Rabi  formula  became  the  basis  of  a  long  series  of  important  measure¬ 
ments  of  nuclea-  spins  and  magnetic  moments  in  Rabi's  laboratory  at  Columbia 
University  in  tt;e  period  between  1935-1940  by  Rabi,  Cohen,  Kellogg,  Zacharias 
and  others  (2). 

In  the  initial  exporiments  the  deflections  were  by  weak  magnetic  fields  such 
that  .  efff  o  *  ’9-  c  was  intercediate  between  zero  and  1  and  the  beam  was 
correspondingly  deflected,  from  an  analysis  of  the  deflection  pattern  the 


FIGURE  2 

Effective  magnetic  moment  of  an  atom 
with  electronic  spin  1/2  and  nuclear 
spin  3/2  as  a  function  of  X  = 
-(Mj/J)H,/AW  where  Mj/J  is  the  atomic 
magnetic  moment  in  a  strong  field 
divided  by  the  electron  spin  J  =  1/2 
and  where  W  is  the  atomic  hyperfine 
separation  when  =  0. 


value  of  the  nuciear  spin  and  the  x  could  be  inferred.  From  x  and  the  value  of 
Ho  the  value  of  W  could  be  calculated  and  from  this  and  the  atomic  wave  func¬ 
tion  the  nuclear  magnetic  moment  could  be  determined.  The  experiments,  however 
SLiffered  from  the  disadvantage  that  the  velocity  distribution  of  the  molecules 
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siicarcd  out  the  deflection  pattern  in  a  manner  that  both  made  the  analysis 
difficult  and  diminished  the  accuracy  of  the  magnetic  moment  de  teritiina  t  ions . 

A  major  improvement  was  the  invention  by  Rabi  of  the  zero  moment  method. 

'  I'om  I  iq.  2  it  can  be  seen  that  for  a  specific  value  of  x  the  effective  magnetic 
moment  .-eff  is  zero.  At  this  value,  there  is  no  deflection.  Consequently  if 
the  undefiected  beam  intensity  is  measured  as  Hq  and  hence  x  is  varied,  the 
intensity  will  rise  to  a  peak  at  the  value  of  x  corresponding  to  a  zero  moment, 
since  the  zero  of  deflection  is  zero  for  all  molecules  independent  of  the 
velocity,  the  peak  can  be  both  intense  and  narrow.  The  number  of  peaks  gives 
tile  vaiuo  of  the  nuclear  spin  and  the  spacing  of  the  peaks  gives  the  value  of 
'A  from  which  the  nuclear  magnetic  moment  can  be  inferred. 

'n  the  atomiu  deflection  methods  the  sign  of  W  could  also  be  determined  by 
allowing  the  atoms  to  pass  through  regions  in  which  the  magnetic  field  was 
successively  reversed,  thereby  inducing  transitions  between  states  with  differ¬ 
ent  magnetic  quantum  numbers  m. 

In  the  period  from  1935  to  1940,  Rabi,  Millman,  fox,  Manley,  Zacharias, 
Hd''Mltoii,  Renzetti,  and  others  {2)  in  Rabi's  laboratory  at  Columbia  made  many 
luea suroments  of  nuclear  spins  and  magnetic  moments  by  the  atomic  deflection 
arvj  .^ero  momei'.t  methods.  The  focussing  of  interest  on  these  experiments  led  to 
a  •'other  decline  in  the  emphasis  on  scattering  and  collision  experiments. 


3.  MAGilETlC  RtSONAtiCC  METHOD 

The  measurements  of  the  signs  of  nuclear  magnetic  moments,  required  transi¬ 
tions  between  atomic  states  of  different  m  values.  To  aid  in  analyzing  these 
transitions,  Rabi  considered  the  theoretical  problem  of  a  magnetic  moment  witii 
an  associated  angular  momentum  in  a  fixed  magnetic  field  about  which  a  smaller 
perpendicular  magnetic  field  rotated  with  angular  frequency  ;  the  title  of  his 
theoretical  paper  was  "Space  Quantization  in  a  Gyrating  Magnetic  Field."  This 
paper  provides  the  fundamental  equation  for  the  transition  probabilities  of 
the  molecular  beam  magnetic  resonance  method  and  of  subsequent  nuclear  magnetic 
resonance  methods,  nevertheless  at  the  time  the  paper  was  written  the  objec¬ 
tive  was  to  account  for  transitions  induced  in  atoms  on  passage  through  regions 
in  which  the  direction  of  the  field  successively  changed.  Since  the  molecules 
had  a  wide  distribution  in  velocities  the  sharp  resonances  predicted  by  the 
formulae  in  that  paper  for  a  single  frequency  were  lost  when  the  formulae  were 
averaged  over  the  velocity  distribution.  As  a  result, this  paper  was  not 
i;iimedia tel y  followed  by  the  invention  of  the  molecular  beam  magnetic  resonance 
method.  Instead  Rabi's  fundamental  theoretical  paper  was  first  submitted  for 
publication  on  March  I,  1937  and  it  was  eight  months  later  before  experiments 
were  started  using  oscillatory  fields  which  preserved  the  sharp  resonances, 
even  though  Rabi  had  sou.':  informal  discussions  with  his  colleagues  in  the  in¬ 
tervening  months  on  the  possibility  of  using  oscillatory  fields.  A  year 
earlier,  Gorter  (3)  had  published  a  report  on  his  unsuccessful  attempt  to  de¬ 
tect  nuclear  magnetic  resonance  by  absorption  by  microwave  absorption  and  he 
described  these  unsuccessful  experiments  to  Rabi  on  a  visit  to  Columbia  in 
September  of  1947.  Soon  thereafter,  Rabi  made  a  major  change  in  the  program 
in  his  molecu’ar  beam  laboratory  and  two  of  the  major  research  groups  in  that 
laboratory  began  converting  their  apparatus  to  a  fonn  in  which  the  transitions 
were  induced  by  a  magnetic  field  driven  by  a  radiofrequency  oscillator.  The 
form  of  apparatus  used  is  shown  schematically  in  Fig.  3.  Molecules  from  the 
source  0  are  deflected  by  inhomogeneous  magnetic  field  A,  pass  through  colli¬ 
mator  S  and  are  refocussed  to  detector  D  by  the  inhomogeneous  field  B,  whose 
direction  of  inhomogeneity  is  opposite  to  that  of  A.  A  uniform  fixed  magnetic 
field  Hq  and  a  small  perpendiculer  field  11^  oscillating  at  angular  frequency 
areapplied  in  region  C.  When  the  frequency  .  is  close  to  the  nuclear  Larmor 
precession  frequency  -g  =  (ui/hOFIg  transitions  are  induced  and  the  detected 
beam  intensity  is  reduced  by  a  failure  of  the  refocussing  for  molecules  whose 
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FIGURE  3 

Schematic  diagram  of  molecular  beam  magnetic  resonance  experiment. 


orientation  state  has  been  changed  by  the  transitions.  The  peak  of  the  reduc¬ 
tion  in  refocussed  beam  is  for  ,■  =  .q.  The  nuclear  magnetic  moment  jj  can 
therefore  be  determined  by  a  measurement  of  =  -.'q  and  by  a  determination  of  Hq 

The  first  experiment  to  show  a  molecular  beam  magnetic  resonance  curve  was 
that  obtained  for  Li  in  L'C?  by  Rabi  ,  Zacharias,  Millman  and  Kusch  (4)  and  is 
shown  in  Fig.  4. 

The  other  resonance  experiment  by  Kellogg,  Rabi,  Ramsey  and  Zacharias  (5) 
yielded  results  that  at  first  sight  were  disappointing  but  ultimately  proved 
to  be  much  more  interesting.  The  intent  was  to  measure  the  magnetic  moments 
of  the  proton  and  deuteron  and  a  single  sharp  resonance  as  in  Fig.  4  was  antici 


«oo 


no _ _ _ Ills _ ^zo 

MAGNET  CURRENT  IN  AMPERES 


FIRIIRE  4 

First  molecular  beam  nuclear  magnetic 
resonance  curve  (4).  Li  in  LiCt 


The  History  of  Molecular  Beams 


9 


pated.  Instead  the  peculiarly  shaped  curve  in  Fig.  5{a)  was  observed  for  the 
molecule  H2.  Eventually,  sharp  proton  and  deuteron  resonances  were  obtained 
in  HD  and  the  proton  and  deuteron  magnetic  moments  were  obtained  from  these 
values.  The  problem  of  the  peculiar  structure  of  the  H2  and  D2  curves  was 
initially  left  as  a  thesis  project  for  Ramsey,  the  one  graduate  student  in  the 
group.  He  found  that  the  curve  became  more  interpretable  if  the  radiofrequency 
power  were  drastically  reduced  but  that  the  structure  remained  and  became  even 
more  pronounced.  The  structure  was  similar  to  curves  characteristic  of 
spectroscopy  as  shown  in  Fig.  5(b)  with  resonances  occurring  at  the  Bohr  fre¬ 
quencies  ..Q  =  (Ei  -  Ef)/'li.  The  curves  could  be  interpreted  in  terms  of  addi¬ 
tional  interactions  in  the  H2  molecule  such  as  spin-spin  and  spin-rotational 
interactions  as  well  as  the  interaction  of  the  nuclei  with  external  magnetic 
fields.  He  also  found  that  the  width  of  the  D2  resonance  curves  was  greater 
than  that  expected  from  D2,  which  suggested  the  possibility  of  a  deuteron  quad¬ 
ruple  moment  which  had  been  discussed  as  a  possibility  by  Rabi.  It  therefore 
became  apparent  that  the  detailed  study  of  the  structure  of  the  curves  was  more 
appropriate  for  the  whole  group  that  had  built  the  apparatus  and  Ramsey  took  for 
his  thesis  project  measurements  of  rotational  magnetic  moments  of  H2,  D2  and 
HD.  The  group  of  Kellogg,  Rabi,  Ramsey  and  Zacharias  (5)  then  lengthened  the 
apparatus  and  obtained  the  much  clearer  spectrum  shown  in  Fig.  5(c).  They  also 
clearly  confirmed  that  the  extended  spectrum  with  D2  arose  from  a  deuteron 
quadrupole  moment.  Radiofrequency  spectroscopy  began  with  these  studies  and 
the  subtitle  "Radiofrequency  Spectroscopy"  was  used  on  the  papers  (5). 

In  1940,  Kusch,  Millman  and  Rabi  (6)  studied  the  paramagnetic  atom  ^Li  by  the 
molecular  beam  resonance  method  and  thereby  observed  the  first  electronic 
paramagnetic  resonances.  Resonances  were  observed  both  for  .'.F  =  0,  jti  =  ;  1 
transitions  and  for  .'.F  =  •  1  transitions  where  F  is  the  quantum  number  associa¬ 
ted  with  the  vector  sum  o|  the  electronic  angular  momentum  (5  and  the  nuclear 
angular  momentum  1  (F  =  I  +  J).  During  the  same  year  the  ',F  =  ‘  1  transitions 
in  Cs  were  studied,  one  of  which  later  became  the  basis  of  the  Cs  atomic  beam 
clocks  in  terms  of  which  the  second  and  the  meter  are  now  defined. 

With  the  great  activity  devoted  to  the  molecular  beam  magnetic  resonance 
method,  other  molecular  beam  studies  such  as  scattering  became  only  a  small 
fraction  of  the  total  molecular  beam  activity  and  during  World  War  II  almost 
all  molecular  beam  research  came  to  a  temporary  end. 


9.  MOLECULAR  BEAM  RESONANCE  EXPERIMENTS  FOLLOWING  WORLD  WAR  II 

Shortly  after  World  War  II  there  was  a  dramatic  resurgence  of  atomic  and 
molecular  beam  research,  mostly  devoted  to  resonance  experiments  and  radiofre¬ 
quency  spectroscopy. 

In  1947  Rabi  and  Hughes  (2)  carried  out  the  first  molecular  beam  electric 
resonance  experiments.  The  technique  was  essentially  the  same  as  for  the  mag¬ 
netic  resonance  experiments  except  the  atoms  were  deflected  and  refocussed  by 
inhomogeneous  electric  fields  and  the  transitions  were  induced  by  oscillatory 
electric  fields.  In  the  subsequent  years  the  electric  resonance  spectra  of 
many  molecules  were  studied  by  Rabi,  Trischka,  Grabner,  Carlson,  Lee,  Fabricand, 
Zeiger,  Bolef,  Ramsey  and  others  (2).  Since  individual  rotational  and  vibra¬ 
tional  states  of  molecules  were  ordinarily  resolved  by  this  technique,  accurate 
measurements  of  the  internal  molecular  interactions  were  made  with  the  electric 
resonance  method  for  a  number  of  different  molecules  in  specific  rotational  and 
vibrational  states. 

In  1946  and  1947  Lamb  and  Retherford  (2)  studied  the  fine  structure  of  atomic 
hydrogen  by  an  atomic  beam  resonance  method  and  discovered  that  the  2^S-\/2  and 
2^Pi/2  states  of  atomic  hydrogen  were  not  degenerate.  Accounting  for  this  ob¬ 
served  Lamb  shift  was  a  major  stimulus  to  the  development  of  quantum  electro¬ 
dynamics. 
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FIGURE  5 

(a)  Early  nuclear  magnetic  resonance  curve  with  (b)  Magnetic  resonance 
curve  with  reduced  radiofrequency  power,  (c)  H?  magnetic  resonance  curve 
with  reduced  power  and  longer  resonance  region. 


In  1947  Nofe  Nelson  and  Rabi  (2)  measured  accurately  the  hyperfine  interac¬ 
tion  in  atomic  hydrogen  and  showed  it  was  different  from  that  expected  theoret 
cally.  This  was  the  first  indication  that  the  electron  magnetic  moment  was 
different  from  the  prediction  of  the  Dirac  theory.  This  discovery  stimulated 
the  developnent  of  relativistic  quantum  electrodynamics  which  was  the  first 
successful  quantum  field  theory  and  the  model  for  other  field  theories  such  as 
((iiantum  chroniodynamics.  The  anaomalous  magnetic  moment  of  the  electron  was 
measured  directly  by  Kusch  (2)  and  others  (2)  in  a  series  of  experiments 
extending  from  194b  i,.  1952. 

in  1950,  Ramsey  (?)  proposed  the  method  of  separated  oscillatory  fields  in 
which  the  single  oscillatory  field  region  of  the  Rabi  method  was  replaced  by 
two  separated  but  coherent  oscillatory  fields,  one  at  the  beginning  of  the 
transition  region  and  the  other  at  the  end.  This  method  not  only  provides 
resonances  that  are  almost  twice  as  narrow  as  the  Rabi  resonances  in  favor¬ 
able  circumstances  for  the  latter  but  also  can  provide  narrowing  of  the  reson¬ 
ances  by  factors  of  ten  or  more  when  the  static  magnetic  fields  are  not 
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sufficiently  uniform.  The  separated  oscillatory  field  method  also  overcomes 
first  order  Doppler  shifts,  is  applicable  to  high  frequencies  where  the  wave 
Ipogth  c'  the  is  '...lali  cumpareu  to  tne  length  or  the  transition 

region,  provides  a  narrowing  of  the  line  even  below  that  expected  by  a  simple 
application  of  the  Heisenberg  uncertainty  principle,  etc. 

from  1950  onward,  nuclear  interactions  in  many  molecules  were  made  by  mole¬ 
cular  beam  resonance  methods  by  Ramsey,  Ozier,  Anderson,  Cederberg,  Klemperer 
and  many  others. 

An  important  advance  in  molecular  beam  techniques  was  introduced  in  1951  by 
friedburg,  Paul  (2)  and  others  (2).  This  was  the  use  of  magnetic  hexapoles  and 
electric  quadrupoles  both  for  state  selection  and  for  achieving  space  focus¬ 
sing  which  markedly  increased  the  intensity  of  the  beams. 

In  1951  Kantrowitz  and  Grey  (2)  pointed  out  the  possibility  of  using  hydro¬ 
dynamic  jet  sources  both  for  increasing  the  effective  beam  intensity  and  to  pro¬ 
vide  cooling  of  the  beam  and  its  rotational  states.  Slichter,  Smalley,  Ross, 
/ewail.  Miller  and  Levy  and  others  (2)  have  extensively  used  jet  -Ources  in 
molecular  beam  studies,  from  some  points  of  view  the  tendency  of  such  beams  to 
form  polymers  and  van  der  Waals  complexes  complicates  the  interpretation  of 
experiments,  but  from  other  views  it  is  an  advantage  since  it  permits  the  study 
of  van  der  Waals  complexes,  molecular  clusters,  droplets .  rad ical s ,  and  chemical 
intermediates.  Seeding  a  beam  with  a  mixture  of  two  molecules  extends  the  scope 
of  the  technique. 

In  1954  the  first  maser  of  Townes  and  others  (2),  was  based  on  molecular  beam 
techniques.  NHg  passed  through  electric  quadrupoles  which  focussed  molecules  in 
the  higher  inversion  on  a  tuned  cavity  amplifier  and  oscillator. 

In  1960  Ramsey  and  Kleppner  (2)  developed  the  first  atomic  hydrogen  maser. 

In  this  device  a  beam  of  atoms  in  the  higher  hyperfine  state  are  focussed  by 
a  six  pole  magnet  into  a  teflon  coated  storage  bottle  inside  a  cavity  tuned  to 
the  hyperfine  transition  frequency  of  atomic  hydrogen.  This  device  not  only 
permits  highly  accurate  measurements  on  atomic  hydrogen,  deuterium  and  tritium 
but  it  also  provides  the  most  stable  clock  so  far  built,  for  this  reason  it  is 
extensively  used  in  long  base  line  radioastronomy  and  other  applications  re¬ 
quiring  a  clock  of  high  stability.  Stabilities  of  5  x  10'^^  over  several  hours 
are  achieved. 

In  the  period  following  the  invention  of  the  laser  there  have  been  many  ap¬ 
plications  of  lasers  to  atomic  and  molecular  beam  research.  Lasers  have  been 
used  with  atomic  and  molecular  beams  for  (a)  Laser  spectroscopy,  (b)  Excitation 
of  molecules  to  high  states,  (c)  Beam  detection,  (d)  State  selection,  (3)  Laser 
fluorescence  spectroscopy,  (f)  Separated  oscillatory  laser  fields,  (g)  Study  ot 
short  lived  isotopes,  (h)  Collinear  fast  beam  laser  spectroscopy,  etc. 


10.  ATOMIC  AND  MOLECULAR  BEAM  SCATTERING  AND  INTERACTION  EXPERIMENTS 

As  mentioned  earlier,  few  atomic  beam  scattering  experiments  were  carried 
out  in  the  period  immediately  proceeding  World  War  11  and  even  fewer  during 
World  War  II.  Likewise  in  the  immediate  post  war  period,  scattering  experiments 
did  not  share  the  dramatic  recovery  made  by  molecular  beam  magnetic  and  electric 
resonance  experiments.  However,  a  new  era  of  atomic  beam  scattering  and  inter¬ 
action  experiments  began  soon  thereafter.  Elastic  scattering  experiments  were 
undertaken  at  many  places.  Quantum  effects  in  scattering  were  observed  and 
studies  were  made  of  rainbow  and  glory  scattering. 

Inelastic  and  reactive  scatterings  were  studied  extensively  and  became 
powerful  tools  for  studying  chemical  processes  in  detail. 

Photofragment  and  photo  chemistry  spectroscopy  was  studied  by  atomic  beam 
techniques.  As  a  result,  during  the  decades  following  World  War  IT  there  has 
been  a  dramatic  (but  still  somewhat  oscillatory)  growth  in  the  molecular  beam 
studies  of  collisions  and  interactions. 
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In  tile  ptot  fe«'  yea. '3  the  tcudy  oT  oealtering  and  interactions  have  Been 
marked  by  the  great  power  brought  by  a  combination  of  techniques:  lasers,  jet 
beams,  atomic  beams,  pulse  techniques  and  spectroscopy.  With  these  combinations, 
it  is  possible  to  identify  the  initial  and  final  states  of  molecules  and  atoms 
that  interact. 


11.  CONCLUSION 

Molecular  beams  has  had  a  rich  75  year  history.  Many  fundamental  discoveries 
have  been  made  with  atomic  beams  and  important  devices  like  the  maser  were  first 
developed  with  this  technique.  The  progress  has  been  more  by  oscillatory  stages 
rather  than  by  steady  advancement  but  the  advances  have  been  large. 

We  have  recently  witnessed  a  joining  of  many  techniques:  molecular  beams, 
scattering,  jets,  lasers,  spectroscopy  and  pulse  techniques.  With  this  power- 
full  combinations,  the  field  should  have  a  bright  future.  The  accomplishments 
of  the  molecular  beams  in  the  past  75  years  make  these  years  a  hard  act  to 
follow,  but  there  is  every  reason  to  believe  that  the  next  75  years  will  also 
be  exciting. 
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STATE-TO-STATE  ENERGY  TRANSFER  IN  COLLISIONS  OF  NEUTRAL  MOLECULES* 


W.  Ronald  GENTRY 

Chemical  Dynamics  Laboratory,  University  of  Minnesota,  207  Pleasant  Street, 
S.E.,  Minneapolis,  Minnesota  55455,  U.S.A. 


The  kinetic  energy  dependences  of  cross  sections  for  state-to-state  rovibra- 
tional  transitions  in  collisions  of  neutral  molecules  have  been  measured  with 
a  novel  instrument  combining  crossed,  pulsed  molecular  beams  and  laser- 
induced  fluorescence  detection.  The  results  may  be  understood  qualitatively 
in  some  cases  by  comparison  with  simple  dynamical  models,  but  the  quantitat¬ 
ive  details  depend  on  subtle  features  of  the  interactions  which  will  require 
more  sophisticated  theoretical  interpretation. 


1.  INTRODUCTION 

Of  all  the  principal  categories  of  molecular  collision  phenomena,  vibration¬ 
al  transitions  in  collisions  of  neutral  molecules  are  the  last  to  be  studied  by 
molecular  beam  techniques  at  a  state-resolved  level  of  detail.  The  main  reason 
for  this  is  that  the  cross  sections  for  vibrational  transitions  tend  to  be  much 
smaller  than  those  for  elastic  or  for  rotationally  inelastic  scattering,  while 
the  interfering  background  signal  from  the  primary  beams  is  more  severe  than  in 
the  case  of  reactive  scattering,  where  the  products  are  structurally  distin¬ 
guishable  from  the  reactants.  The  signal -to-background  problems  are  compounded 
by  the  fact  that  vibrational  transitions  are  nearly  always  accompanied  by  rota¬ 
tional  transitions,  so  that  very  high  energy  resolution  is  required  to  distin¬ 
guish  between  the  two.  Thus,  one  must  deal  with  the  worst  of  both  circum¬ 
stances  and  search  for  a  low  intensity  signal  with  high  resolution. 

The  observation  of  vibrational  excitation  in  jon-molecule  collisions  is  much 
easier,  and  in  fact  it  has  now  been  about  fifteen  years  since  the  first  mea¬ 
surements  of  total  and  differential  cross  sections  for  state-resolved  vibra¬ 
tional  excitation,  in  the  H'*'  +  Hi  and  Li+  +  systems  (1-4).  The  dynamics  of 
the  ion-molecule  excitation  processes,  however,  a.'e  quite  different  from  those 
expected  for  neutral  systems.  In  the  first  place,  high  probabilities  for  vi¬ 
brational  transitions  in  ion-molecule  collisions  are  generally  obtained  by 
accelerating  the  ions  to  kinetic  energies  which  are  much  larger  than  the  vibra¬ 
tional  excitation  energy— typically  about  lOeV  or  more.  Secondly,  extensive 
rotational  excitation  is  usually  avoided  by  observing  the  scattering  at  small 
center-of-mass  (c.m.)  scattering  angles,  where  vibrational  transitions  may  be 
induced  by  long-range  electrostatic  interactions,  and  where  nonpolar  molecules 
experience  only  a  small  net  torque  (5).  For  neutral  molecules,  such  hiah 
kinetic  energies  are  not  readily  available,  and  long-range  electrostatic  forces 
are  generally  much  less  important  than  the  shorter-range  valence  contributions. 

Despite  the  technical  difficulties  in  studying  the  microscopic  details  of 
vibrational  energy  transfer  in  neutral  systems,  these  phenomena  are  of  great 
theoretical  and  procLical  significance.  Exoergic  chemical  reactions  tend  to 
form  products  with  highly  excited  non-Boltzmann  vibrational  populations,  and 
the  rates  of  subsequent  reaction  steps  may  depend  strongly  on  the  vibrational 


♦The  research  described  in  this  review  has  been  supported  by  the  Division  of 
Chemical  Sciences,  U.S.  Department  of  Energy,  contract  no.  DE-AC02-83ER13063. 
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State  distribution  and  hence  on  the  rates  of  the  energy  transfer  processes.  In 
another  example,  the  performance  of  infrared  chemical  lasers  depends  critically 
on  the  microscopic  rates  of  formation  and  depletion  of  individual  vibrational 
states.  As  with  other  types  of  molecular  collision  processes  which  have  been 
investigated  by  molecular  beam  techniques  over  the  last  twenty-five  years,  one 
expects  single-collision  experiments,  with  selection  of  initial  and  final 
states  and  control  of  the  kinetic  energy,  to  yield  more  insight  into  the  dynam¬ 
ical  mechanisms  responsible  for  vibrational  energy  transfer  than  is  available 
from  measurements  of  thermally  averaged  rate  coefficients  (6). 

Although  crossed  molecular  beam  studies  of  state-resolved  rotational  excita¬ 
tion  in  neutral  systems  were  first  performed  about  eight  years  ago  (7-9),  and 
have  now  been  extended  to  many  systems  (10),  there  have  been  only  a  few  very 
recent  experiments  in  which  vibrational  transitions  were  observed.  These  in¬ 
clude  Naz  excitation  observed  by  laser-induced  fluorescence  by  Serri  et  al . 

(11)  and  more  recently  by  Bergmann  and  coworkers  (12),  and  the  singular  experi¬ 
ment  by  Ryali  et  al.  (13)  on  bending-mode  excitation  of  COz  detected  by  a 
Fourier  transform  infrared  spectrometer.  It  is  the  purpose  of  the  present  re¬ 
port  to  describe  the  experiments  in  our  laboratory  which  have  made  possible  the 
measurement  of  cross  sections  for  state-resolved  vibrational  excitation  as 
functions  of  the  kinetic  energy  of  collision  for  a  relatively  broad  range  of 
energies  and  chemical  systems.  Examples  will  include  the  state-to-state  vibra¬ 
tional  excitation  of  Ij  and  the  mode-specific  vibrational  excitation  of  two 
"large"  polyatomic  molecules,  p-difluorobenzene  and  aniline.  The  signal-to- 
background  problems  in  these  experiments  were  ameliorated  by  the  use  of  a  novel 
crossed,  pulsed  beam  apparatus,  and  the  high  resolution  necessary  to  observe 
vibrational  transitions  in  the  presence  of  the  much  more  probable  rotational 
excitation  was  provided  by  a  laser-induced  fluorescence  (LIF)  detection  scheme. 


2.  PULSED  MOLECULAR  BEAM  APPARATUS 

The  molecular  beam  sources  used  in  this  work  are  very  fast  electromechanical 
valves  with  open  times  of  approximately  20usec  (14,15).  The  instantaneous  in¬ 
tensities  of  the  supersonic  molecular  beams  from  these  sources,  operated  at 
total  pressures  of  15-19  atm  and  nozzle  diameters  of  about  0.6mm,  are  orders  of 
magnitude  higher  than  those  which  are  typical  for  continuous  beams.  The  in¬ 
stantaneous  scattered  sinnal,  which  is  proportional  to  the  product  of  the  two 
primary  beam  intensities,  is  also  correspondingly  larger.  At  the  same  time, 
the  residual  background  pressure  of  the  sample  molecule  is  extremely  small. 

The  primary  molecular  beam  pulse,  which  is  physically  only  a  few  cm  long,  does 
not  contribute  to  this  background  until  it  traverses  the  scattering  chamber  and 
is  reflected  from  the  vacuum  chamber  wall.  The  real  scattered  signal  is  mea¬ 
sured  with  a  pulsed  laser  while  the  two  primary  beam  pulses  are  at  the  crossing 
point,  and  before  the  background  signal  rises.  In  the  interval  between  pulses, 
which  is  typically  100-125ms,  the  background  gas  is  removed  by  the  vacuum  pumps 
with  a  pumpout  time  constant  of  about  30ms. 

Figure  1  shows  a  cutaway  drawing  of  the  apparatus,  with  the  important  fea¬ 
tures  drawn  approximately  to  scale.  The  main  vacuum  chamber  is  a  horizontal 
cylinder  about  50cm  in  diameter  and  85cm  long.  This  chamber  is  divided  into 
three  sections  by  two  internal  partition  disks,  each  of  which  forms  a  rotating 
o-ring  seal  with  the  inside  of  the  cylinder,  and  each  of  which  is  rigidly  con¬ 
nected  to  a  rotating  lid  at  one  end  of  the  cylinder.  The  two  molecular  beam 
sources  are  mounted  in  chambers  attached  to  these  partition  disks,  so  that  each 
source  can  be  independently  rotated  in  a  vertical  plane  through  the  center  of 
the  apparatus,  by  turning  its  respective  rotating  lid.  At  any  angle  of  rota¬ 
tion,  differential  pumping  of  the  source  chamber  is  provided  through  a  port  in 
the  partition  disk  at  the  base  of  the  source  chamber.  The  kinetic  energy  of 
collision  in  this  instrument  can  therefore  be  conveniently  and  continuously 
varied,  without  changing  the  source  conditions,  by  simply  varying  the  intersec- 
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tion  angle  of  the  two  beams. 

The  detector  in  this  apparatus  is  a  photomultiplier  tube  which  images  the 
center  of  the  crossing  region  with  a  spherical  mirror  and  lens  system.  The 
laser  beam  enters  and  leaves  the  vacuum  system  through  Brewster's  angle  windows 
and  long  light  baffles  which  reduce  the  scattered  light  background  to  about  1 
in  10*’photons.  In  operation,  the  molecular  beam  pulses  are  collimated  with 
multiple  skimmers  to  angular  widths  of  2-3°.  The  laser  is  tuned  to  the  appro¬ 
priate  spectral  frequency  for  detecting  the  selected  state  of  the  scattered 
molecules,  and  timed  to  intersect  the  molecular  beam  pulses  at  the  crossing 
point.  The  LIF  signal,  proportional  to  the  collision-induced  population  of 
that  state,  is  then  measured  as  a  function  of  the  molecular  beam  intersection 
angle.  The  result  is  transformed  into  the  total  cross  section  for  populating 
that  state  as  a  function  of  c.m.  kinetic  energy.  Relative  cross  sections  for 
various  transitions  are  all  normalized  to  a  single  value,  called  the  "attenua¬ 
tion  cross  section"  o^,  which  represents  the  total  rotationally  and  vibration- 
ally  inelastic  cross  section  for  scattering  of  the  primary  beam  molecules  out 
of  the  small  range  of  rotational  states  detected  at  a  convenient  v=0  bandhead 
at  a  selected  high  value  of  collision  energy.  For  I,  collisions,  is  essen¬ 
tially  the  total  gas  kinetic  cross  section,  about  45A%  and  for  p-difluoroben- 
zene  and  aniline  collisions  is  expected  to  be  close  to  the  gas  kinetic 
value,  since  virtually  every  collision  results  in  scattering  of  the  internally 
cold  primary  beam  molecules  out  of  the  narrow  range  of  rotational  states  viewed 
by  the  detector  at  the  bandhead. 

Additional  details  of  the  apparatus  and  data  analysis  can  be  found  in  previ¬ 
ous  renorts  (16-18). 


3.  VIBRATIONAL  EXCITATION  OF  I ^  IN  COLLISIONS  WITH  He 

The  first  example  which  will  be  presented  is  that  of  vibrational  excitation 
in  a  relatively  "simple"  system,  I2  +  He  (16,17).  In  a  typical  experiment,  Iz 
was  seeded  at  about  1  torr  partial  pressure  in  He  carrier  gas  at  a  total  pres¬ 
sure  of  10''  torr.  The  resulting  supersonic  expansion  cools  the  1 2  rotational 
degree  of  freedom  to  about  1-2K,  and  the  v=l/v=0  population  ratio  to  about 
10"*.  Figure  2  shows  the  cross  sections  for  excitation  of  v=l,  2  and  3  from 
v=0  as  functions  of  kinetic  energy,  over  the  range  from  the  v=l  threshold  to 
about  16  vibrational  quanta.  The  laser  in  each  of  these  cases  was  tuned  to  a 
convenient  vibrational  bandhead  of  the  B(’ny)»X(‘ti)  transition,  where  only  the 
J<5  states  were  detected.  An  analysis  of  tne  rotational  bandshapes  for  the  LIF 
spectra  show  that  vibrational  excitation  in  this  system  occurs  with  very  little 
concommitant  rotational  excitation.  For  each  of  the  final  excited  vibrational 
states  the  most  probable  change  of  rotational  quantum  number  is  about  5. 
Nevertheless,  at  lOOmeV  collision  energy  the  total  rotationally  inelastic 
cross  section  is  about  10’  times  the  total  vibrational ly  inelastic  cross 
section. 

Perhaps  the  most  striking  feature  of  the  data  shown  in  Fig.  2  is  the  quali¬ 
tatively  different  energy  dependences  for  the  different  final  vibrational  quan¬ 
tum  numbers.  The  o,,  cross  section  shows  a  sharp  onset  at  threshold,  with  a 
linear  kinetic  energy  dependence,  while  0,2  and  o,,  have  accurately  quadratic 
and  cubic  energy  dependences,  respectively.  This  behavior  is  very  reminiscent 
of  that  which  we  observed  many  years  ago  in  the  state-resolved  differential 
cross  sections  for  vibrational  excitation  in  H'*’  +  H2(v=0)  collisions  (2,3). 
Figure  3  shows  the  H+  +  Hz  scattering  data  for  several  collision  energies  and 
scattering  angles  plotted  as  ratios  Py/Po  probability  of  the  inelastic 

to  the  elastic  channel.  The  same  simple  dependences--! inear  for  Pi,  quadratic 
for  Pj  and  cubic  for  Pj--are  seen  when  these  probability  ratios  are  plotted  as 
functions  of  the  parameter  e  =  -tnPg.  These  dependences  are  easily  derived 
from  the  correspondence  between  the  classical  and  quantal  equations  of  motion 
for  a  harmonic  oscillator  which  is  excited  by  an  arbitrary  time-dependent  force 
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FIGURE  2 

Cross  sections  as  functions  of  relative 
kinetic  energy  Eg  for  U (v=0)  excita¬ 
tion  in  collisions  with  He.  The  cross 
sections  are  normalized  to  the  attenu¬ 
ation  cross  section  oa  (about  458^)  as 
described  in  the  text. 


FIGURE  3 

Probabilities  Py  for  vibrational 
excitation  in  H+  +  H2  (v  =0) 
collisions  plotted  as  functions 
of  the  parameter  e  =  -snPg.  Data 
are  combined  from  measurements 
of  the  state-resolved  differen¬ 
tial  cross  sections  at  several 
c.m.  kinetic  energies  in  the 
range  4-21eV  and  c.m.  scatter¬ 
ing  angles  in  the  range 
6-36“  (3).  The  solid  lines  are 
linear,  quadratic  and  cubic  fits. 


(19).  An  initially  stationary  classical  oscillator  driven  by  the  force  F(t) 
gains  the  vibrational  energy  aE,  given  by 

AE  = -L  /  F(t)e‘'“^dt  ,  (1) 

where  u  is  the  oscillator  reduced  mass  and  u  is  the  vibrational  frequency. 
Quantum  mechanically,  the  same  oscillator  subjected  to  the  same  driving  force 
will  undergo  discrete  transitions  from  the  ground  state  having  a  Poisson  dis¬ 
tribution  of  probabilities. 
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where  v  is  the  vibrational  quantum  number,  and  e  =  aE/fiui  is  simply  the  classi¬ 
cal  energy  transfer  in  units  of  the  vibrational  quantum.  In  real  molecular 
collisions,  each  set  of  initial  conditions  (kinetic  energy,  impact  parameter 
and  molecular  orientation  angles)  leads  in  general  to  a  different  value  of  aE 
and  E,  but  the  general  form  of  Eq.  (2)  is  preserved  for  the  quantum  number  de¬ 
pendence.  Equation  (2)  gives  directly  the  Py/Po  ratios  for  H"''  +  collisions 

shown  in  Fig.  (3).  To  obtain  the  kinetic  energy  dependences  observed  experi¬ 
mentally  for  Ij  +  He  collisions,  two  additional  conditions  are  sufficient. 
First,  the  transition  probabilities  must  be  small,  making  e"^  ~  1  and  Pgy  “  c''. 
Second,  AE  and  e  must  be  proportional  to  kinetic  energy.  This  is  the  result 
expected  for  impulsive  collisions,  for  which  the  classical  energy  transfer  for 
given  initial  conditions  will  depend  only  on  the  kinetic  energy  and  the  atomic 
masses.  For  example,  an  atom  (mass  m, )  colliding  collinearly  and  impulsively 
with  a  homonuclear  diatom  (masses  mj)  will  vibrational ly  excite  an  initially 
stationary  molecule  by  the  classical  energy 


aEjD  =  me.  ,  (3) 

m,  (m, +2m2 ) 

where  M  =  -  .  (4) 

(m,  +mj 


Perhaps  the  simplest  extension  of  this  model  to  three  spatial  dimensions  is 
shown  in  Fig.  4.  Here  an  atom  with  initial  momentum  pg  transfers  the  momentum 


\ 


Simple  three-dimensional  hard-sphere  model  for  vibrational  excitation  in  atom- 
diatom  collisions.  The  momentum  transfer  to  the  oscillator  is  the  projection 
on  the  oscillator  axis  of  the  impulsive  momentum  transfer  normal  to  the  surface 
of  the  sphere. 


p’  normal  to  the  surface  of  a  hard  sphere,  and  the  momentum  transfer  to  the 
oscillator  is  taken  to  be  p'cose.  Averaging  over  impact  parameter  and  orienta¬ 
tion  angles  then  gives  the  average  energy  transfer 
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E30  =  ME./6  .  (51 

It  is  interesting  that  this  simple  model,  together  with  the  classical-quantal 
correspondence  relation.  Eg.  (2),  predicts  the  correct  dependence  on  v  of  the 
cross  sections  oov(Eo5*  predicts  the  experimental  cross  section  ratios 

0,15/0,2  and  0,2/001  to  within  about  a  factor  of  two.  Nevertheless,  the  actual 
details  of  the  collision  dynamics  are  much  more  subtle,  as  shown  by  the  quantum 
scattering  calculations  performed  for  this  system  by  Schwenke  and  Truhlar  (20). 
Because  of  the  large  rotational  excitation  in  the  vibrational ly  elastic  chan¬ 
nel,  a  quantitative  interpretation  of  the  scattering  data  depends  very  sensi¬ 
tively  on  the  anisotropy  of  the  potential  energy  surface  and  on  the  dynamical 
coupling  between  vibration  and  rotation.  A  very  recent  extension  by  Schwenke 
and  Truhlar  of  their  previous  calculation  shows  that  the  break  in  the  o,i(Eq) 
cross  section  at  Eg  =  IBOmeV  is  due  to  the  shift  of  a  prominent  feature  in  the 
r'^tational  state  distribution  (perhaps  a  "rotational  rainbow")  from  inside  the 
0<J<5  range  viewed  by  the  detector  to  outside  this  range.  The  impulsive  colli¬ 
sion  model  also  fails  to  explain  the  smaller  -ib'-ational  excitation  cross  sec¬ 
tions  which  we  observed  for  I,  +  D,  collisions  compared  +0  I,  +  He.  Since  the 
mass  parameters  are  essentially  identical  for  the  two  cases,  and  since  we  do 
not  expect  coupling  to  D,  rotation  and  vibration  to  be  iniportant,  a  softer  re¬ 
pulsive  interaction  for  Oj  +  I,  compared  to  He  +  is  likely  to  be  the  origin 
of  the  smaller  excitation  cross  sections. 


4.  VIBRATIONAL  EXCITATION  IN  ATOM  f-OLLlSlONS  WITH  LARGE  POLYATOMIC  MOLECULES 

We  now  turn  to  the  vibrational  excitation  of  polyatomic  molecules  having 
many  vibrational  degrees  of  freedom.  At  high  levels  of  excitation  the  various 
normal  modes  in  such  molecules  will  be  strongly  mixed  by  enharmonic  coupling, 
so  that  even  if  energy  were  localized  in  one  normal  mode  at  some  initial  time, 
rapid  and  more-or-less  statistical  redistribution  of  the  vibrational  energy 
among  accessible  levels  would  be  expected.  At  low  levels  of  excitation,  how¬ 
ever,  energy  deposited  in  one  normal  mode  should  remain  in  that  mode  for  long 
periods.  Under  these  conditions  there  would  appear  to  be  no  reason  why  one 
should  expect  a  dynamical  process  such  as  collision  with  an  atom  at  some  parti¬ 
cular  value  of  kinetic  energy  to  populate  all  energetically  accessible  modes 
with  statistical  probabilities.  The  possibility  of  mode-selective  vibrational 
energy  transfer  is  intimately  related  to  the  question  of  whether  mode-selective 
chemistry  will  occur  (for  example,  upon  laser  excitation  of  some  specific  reac¬ 
tant  state)  since  vibrational  energy  transfer  will  generally  compete  kineti- 
cally  with  reaction. 

So  far  we  have  results  on  two  similar  systems,  aniline  (CjHjNHj)  and  p- 
difluorobenzene  (CjH.F,),  both  excited  by  collisions  with  He.  In  both  cases, 
supersonic  expansion  of  01  to  1  torr  of  the  sample  molecule  in  about  10*  torr 
of  He  carrier  gas  resulted  in  a  primary  beam  rotational  temperature  of  about 
IK.  The  attenuation  cross  sections  were  measured  at  the  Rq  (low  J,  low  K) 
bandheads  of  the  S, (QJ )  band  origins,  which  were  essentially  featureless  at  our 
primary  beam  temperature  and  laser  bandwidths.  Figure  5  shows  the  single- 
quantum  vibrational  excitation  cross  sections  measured  for  aniline  +  He  colli¬ 
sions  for  two  modes  (18).  The  NH,  inversion  mode  1  has  a  v=0*l  transition 
energy  of  only  41cm''  ,  and  corresponds  to  flipping  of  the  NH,  hydrogens  fron 
one  side  of  the  benzene  plane  to  the  other.  Mode  T,  also  called  mode  11,  cor¬ 
responds  to  the  out-of-plane  vibration  of  the  entire  NH,  group  relative  to  the 
benzene  ring,  and  has  a  v=0-»l  transition  energy  of  233cm'‘.  The  threshold 
energies  for  v=0->l  excitation  of  these  and  several  other  low-frequency  normal 
modes  are  indicated  by  arrows  in  Fig.  5. 

Excitation  of  mode  11  shows  a  linear  dependence  on  collision  energy  above 
threshold,  just  as  was  seen  for  v=0-»l  excitation  of  1,,  then  a  leveling  off 
which  is  at  least  qualitatively  what  one  expects  from  the  Poisson  distribution 
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FIGURE  5 

Normalized  cross  sections  as  functions 
of  the  c.m.  kinetic  energy  for  excita¬ 
tion  of  modes  I  and  11  in  aniline  i-  He 
collisions.  Arrows  mark  the  v=l  exci¬ 
tation  thresholds  for  modes  I  and  11, 
and  for  six  other  low-frequency  modes 
for  which  excitation  was  not  observed. 
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of  Eq.  (2)  as  e  increases.  Note  that  the  normalized  excitation  cross  sections 
are  much  larger  than  for  U  +  He  at  similar  collision  energies,  even  though  the 
mode  11  vibrational  spacing  in  aniline  {233cm‘' )  is  about  the  same  as  the  L 
vibrational  spacing  (213cm" ‘). 

The  inversion  mode  I  was  observed  at  two  spectroscopic  features,  correspond¬ 
ing  to  low-J  and  high-J  peaks  of  the  I^Q-branch  transitions.  Quite  remarkably, 
both  features  show  v=0-»l  excitation  cross  sections  which  increase  with  decreas¬ 
ing  kinetic  energy  down  to  the  lowest  kinetic  energy  (about  160cm"‘)  accessible 
in  the  experiment.  This  kinetic  energy  dependence  is  very  different  from  that 
of  mode  11,  and  of  course  it  indicates  highly  mode-spec i Tic  behavior.  Although 
theoretical  modeling  of  these  data  has  not  yet  been  attempted,  it  seems  likely 
that  the  origin  of  this  kinetic  energy  dependence  can  be  found  in  Eq.  (1). 

Given  a  time-dependent  driving  force  F(t),  it  is  only  the  Fourier  component  of 
that  force  at  the  oscillator  frequency  u  which  is  effective  in  inducing  transi¬ 
tions  in  that  particular  oscillator.  Excitation  of  the  extremely  low-frequency 
inversion  mode  is  apparently  favored  by  slow  collisions  which  contain  larger 
low-frequency  Fourier  components  of  the  interaction. 

Perhaps  the  most  surprising  feature  of  the  aniline  excitation  data  is  that 
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none  of  the  other  modes  for  which  v=C‘l  thresholds  are  given  in  Fig.  5  were  ob¬ 
served  at  all.  In  each  of  these  cases  the  experimental  sensitivity  was  compar¬ 
able  to  the  scatter  in  the  data  in  Fig.  5,  making  the  probability  of  excitation 
of  each  of  these  modes  at  least  one  to  two  orders  of  magnitude  less  than  the 
excitation  probabilities  for  modes  I  and  II.  This  degree  of  mode  specificity 
is  quite  striking.  There  are  two  apparent  differences  between  the  modes  in 
which  we  observe  excitation  and  all  of  the  other  modes  in  which  we  do  not. 
First,  modes  I  and  11  are  the  two  lowest-frequency  modes  of  aniline,  and  one 
generally  expects  the  probabilities  of  low-frequency  transitions  to  be  favored 
over  those  of  high-frequency  transitions  simply  because  the  kinetic  energy  de¬ 
fect  is  smaller.  However,  the  frequency  differences  do  not  seem  to  be  large 
enough  to  account  for  the  observations.  Modes  I  and  11  are  excited  with  com¬ 
parable  probabilities  in  this  kinetic  energy  range  even  though  the  fre¬ 

quency  ratio  is  greater  than  5.  By  way  of  comparison,  the  w,  ,  ra tio  is 
only  about  2,  and  ISb  is  not  observed  at  all.  The  second  difference  is  one  of 
neometry:  all  of  the  unobserved  modes  are  in-plane  motions  while  modes  I  and 
11  are  out-of-plane  bends.  This  suggests  that  some  symmetry  or  other  geomet¬ 
rical  feature  of  the  interaction  potential  may  be  responsible  for  the  mode 
selectivity  in  this  system. 

Additional  information  is  provided  by  the  data  on  p-di f 1 uorobenzene  +  He 
collisions  (21).  This  molecule,  of  course,  has  no  mode  analogous  to  the  inver¬ 
sion  mode  of  aniline,  but  its  lowest  frequency  mode,  designated  30,  is  quite 
comparable  to  mode  11  in  aniline.  Mode  30  of  p-difluorobenzene  corresponds  to 
the  in-phase  out-of-plane  bend  of  both  C-F  bonds,  and  has  a  v=0*l  transition 
energy  of  160cm‘‘.  Mode  30  excitation  is  observed  to  both  v=l  and  v=2,  but 
none  of  the  other  low-frequency  modes  are  excited  within  our  detection  sensi¬ 
tivity,  including  the  out-of-phase  out-of-plane  C-F  bend  at  374cm"*.  The  ex¬ 
ceptional  activity  of  mode  30  which  we  observe  in  our  crossed-beam  experiments 
with  So  p-difluorobenzene  has  also  been  observed  in  collisional  relaxation  rate 
measurements  for  both  the  So  and  Si  electronic  states,  and  even  in  collision- 
free  vibration  energy  redistribution  within  the  molecule  following  excitation 
of  selected  combination  bands  in  S,  involving  mode  30  (22-24).  It  is  not  clear 
at  present  whether  the  apparently  ubiquitous  role  which  mode  30  plays  in  the 
energy  flow  dynamics  in  this  molecule  is  merely  a  consequence  of  its  low  fre¬ 
quency  or  is  related  instead  to  some  specific  dynamical  coupling  mechanism. 

It  is  intriguing  that  the  first  two  polyatomics  which  we  studied  show  such 
strong  and  similar  mode  specificity.  However,  two  systems  constitute  much  too 
small  a  set  from  which  to  draw  general  conclusions.  It  is  also  evident  that  a 
great  deal  of  theoretical  work  is  needed  c’'  both  the  potential  energy  surfaces 
and  the  collision  dynamics  in  order  to  provide  a  more  rigorous  basis  for  inter¬ 
pretation  of  the  data.  Nevertheless,  it  app' ars  that  state-resolved  single¬ 
collision  experiments  on  vibrational  excitation  in  a  wide  variety  of  neutral 
molecular  systems  are  now  feasible,  and  one  can  look  forward  finally  to  the 
same  kind  of  detailed  insights  into  the  microscopic  dynamics  of  vibrational 
energy  transfer  of  neutrals  that  molecular  beam  experiments  have  previously 
yielded  for  other  categories  of  molecular  collision  phenomena. 
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Radiatively  stabilized  collisions  are  a  class  to  which  relatively  little 
attention  has  been  given  —  especially  experimentally.  In  this  paper  two 
processes  representative  of  radiatively  stabilized  collisions  —  dielec- 
tronic  recombination  and  radiative  association  —  are  discussed,  and  recent 
experimental  measurements  on  both  collision  types  are  described.  Radiative 
association  rate  measurements  have  been  carried  out  in  a  Penning  ion  trap 
at  11  K.  Dielectronic  recombination  measurements  have  been  made  which  show 
definitively  the  dependence  of  cross  sections  on  extrinsic  fields  in  the 
collision  region  and  also  demonstrate  the  dependence  of  cross  sections  on 
principal  quantum  numbers  of  the  product  Rydberg  atoms. 


1.  INTRODUCTION 


Consider  the  collision  of  two  particles  which,  upon  collision,  form  a 
complex  with  the  excess  initial  kinetic  energy  distributed  to  internal  modes 
of  the  complex.  If  the  energy  becomes  redistributed  to  translational  energy, 
the  particles  separate,  and  there  is  little  evidence  of  the  complex  having 
formed  except  for,  perhaps,  some  structure  in  the  elastic  scattering  cross 
section.  If,  on  the  other  hand,  a  radiative  transition  occurs  between  states 
of  the  complex,  then  sufficient  energy  may  be  carried  off  by  the  photon  to 
leave  behind  a  stable  combined  particle.  We  will  refer  to  this  latter  case  as 
a  radiatively  stabilized  collision. 

We  may  represent  this  by 

A  +  B  AB  AB  +  hv  ,  ( 1 ) 

V 


where  kf  is  the  rate  for  complex  formation,  kj,  is  the  rate  for  the  complex's 
coming  apart  again,  and  A^.  is  the  radiative  stabilization  rate.  Clearly,  the 
rate  for  the  radiatively  stabilized  collision  is  the  forward  rate  kf  times  the 
branching  ratio  for  stabilization. 


‘f^TOTcr^ 
r  D 


(?) 


Often,  kp  >>  Ap,  so  that  Eq.  (2)  becomes  kp  -  kf/k(,(Ap).  Further,  recognizing 
that  kf  and  kj,  are  related  by  detailed  balancing,  we  have 


V  A 
sp  r 


(3) 


where  Vjp  is  a  function  of  the  phase  space  in  the  collision. 


23 


Staff  Member,  Quantum  Physics  Division,  National  Bureau  of  Standards 


24 


G.JI.  Dunn 


Two  very  important  examples  of  radiatively  stabilized  collisions  are 
radiative  association  (RA)  and  dielectronic  recombination  (DR).  The  first  of 
these  is  important,  perhaps  crucial,  in  the  ion-molecule  reaction  chains  lead¬ 
ing  to  synthesis  of  molecules  in  cold  interstellar  gas  clouds  (1-5).  Dielec¬ 
tronic  recombination  has  long  been  recognized  (6)  as  essential  to  modeling  of 
the  hot  plasmas  occurring  in  fusion  devices,  stellar  atmospheres,  high  power 
lasers,  and  etc. 


2.  RADIATIVE  ASSOCIATION 

In  an  ion-molecule  collision,  a  complex  may  be  formed  where  translational 
energy  becomes  tied  up  in  electronic-vibrational -rotational  energy  of  the 
complex  molecule  comprised  of  the  colliding  partners.  If  a  photon  of  suffi¬ 
cient  energy  is  emitted  prior  to  the  energy's  being  redistributed  to  transla¬ 
tional  energy,  then  radiative  association  will  have  taken  place.  Examples 
which  serve  to  demonstrate  the  process  are 

k  a 

+  h  +  +* 

C  +  (C^H2)  (CH^^)  4-  hv  (4) 

‘‘f 


k  A 

CHa''  +  ^  (CHj'^.H^)**  (CHj'')*  +  hv  .  (5) 

•'f 

The  first  of  these,  Eg.  (4),  is  hypothesized  (3)  to  be  a  crucial  initial  step 
in  carbon  molecule  synthesis  in  the  interstellar  medium.  The  second,  Eq.  (5), 
is  thought  (7)  to  be  a  key  reaction  in  the  chain  leading  to  formation  of 
methane  in  these  clouds. 

Because  of  the  importance  of  radiative  association,  a  substantial  amount  of 
work  has  gone  into  the  theory  for  the  process  (8-19).  It  is  beyond  the  scope 
of  this  paper  to  deal  with  the  details  of  the  theory,  but  the  developments 
follow  arguments  such  as  those  leading  to  Eq.  (3).  Generally,  the  process  is 
so  complex  that  one  doesn't  know  the  details  of  states  involved,  so  the  best 
one  can  do  is  to  make  reasonable  estimates  (20)  for  the  value  of  Ap.  Values 
between  10^  and  10^  s"*  are  usually  assumed.  For  the  assumption  that  thermo, 
dynamic  equilibrium  prevails,  we  have  (10,11)  for  Vjp 

V  f(AB**) 

(2.ukT)^/2  TWIW  ’  '6) 


where  the  f's  are  the  internal  partition  functions  indicated.  Again  —  par¬ 
ticularly  as  it  pertains  to  the  complex  AB**  --  detailed  knowledge  may  not  be 
available  for  specifying  the  f's  and  an  assortment  of  estimates  and  approxima¬ 
tions  must  be  resorted  to. 

Brief  examination  of  Eq.  (1)  [or  Eqs.  (4)  and  (5)]  leads  one  to  realize 
that  collision  of  the  complex  AB**  with  another  body  may  also  lead  to  stabi¬ 
lizing  the  complex,  as  the  third  body,  rather  than  a  photon,  carries  away  the 
excess  energy.  Thus,  any  efforts  to  observe  the  radiative  process  experimen¬ 
tally  must  take  into  account  this  prospect  of  collisionally-assisted  associa- 
tion. 

When  a  third  body  M  enters  into  Eq.  (1),  we  have  a  new  form  for  Eq.  (2) 


^  Ar^kjCM] 

‘‘f^'V^TTigiiTl 


(7) 


where  k^  is  the  total  association  rate  coefficient,  k.  is  the  rate  coefficient 
for  stabilization  of  AB**,  and  [M]  is  the  density  of  M.  If  «  1qi  ^-i  and 
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ks  ”  10'^  cm3  s'l,  then  for  [M]  >  10'2  cm"3  the  collisional  process  may  domi¬ 
nate.  In  the  range  of  densities  A^/kj  «  [M]  «  kp/kj  we  have  kg  »  kfit^kjCMl. 
Thus,  over  some  range  of  [M],  if  kj  is  measured,  then  combined  with  reasonable 
estimates  (Langevin)  of  kf  and  kj,  T|j=l/kb  can  be  obtained.  In  combination 
with  Eq.  (2),  then,  and  estimates  of  kf  (again,  Langevin)  and  A^,  estimates  of 
k^  may  be  obtained.  This  procedure  has  been  used  for  a  number  of  cases.  How¬ 
ever,  Tp  is  a  very  steep  function  of  temperature,  and  to  get  from  the  tempera¬ 
tures  (T>80  K)  at  which  such  measurements  of  rp  have  been  made  to  temperatures 
(10  K)  of  the  interstellar  medium  requires  uncertain  extrapolation. 

There  seem  to  be  only  two  direct  measurements  of  RA.  Woodin  and  Beauchamp 
(21)  used  an  ICR  cell  at  300  K  and  gas  densities  the  order  of  lO’  cm~3  and 
greater  to  observe  association  reactions  of  the  type 

Li^  +  (LPM)  -  Li.(LPM)^  ,  (8) 

where  (LPM)  means  "large  polar  molecule,"  e.g.  (C2H5)2C0,  CH3COC2H5,  Here 
kp  is  estimated  to  be  small  (the  energy  gets  "lost"  in  all  the  degrees  of 
freedom  of  the  complex),  the  gas  density  is  small,  and  it  is  almost  certain 
that  their  measurements  are  primarily  due  to  radiative  association. 

Barlow,  Dunn,  and  Schauer  (22)  used  a  technique  introduced  by  Luine  and 
Dunn  (23,24)  to  make  measurements  at  13  K  for  the  reaction  in  Eq.  (5).  Here 
the  temperature  is  low  (characteristic  of  the  interstellar  clouds),  and  the 
reaction  involves  a  small  nonpolar  molecule  and  a  complex  with  a  relatively 
short  lifetime. 

The  measurements  were  made  using  a  Penning  ion-trap  technique  which  is 
described  elsewhere  (22-27).  The  trap,  schematically  illustrated  in  Fig.  1, 
is  made  up  of  two  end  caps  and  a  ring  which  are  hyperboloids  of  revolution. 

It  is  cooled  to  11  K  and  centered  and  aligned  in  the  2.4  T  field  of  a  super¬ 
conducting  solenoid.  A  negative  potential  on  the  ring  produces  a  harmonic 


I  B=BZ 


Schematic  of  cold  Penning  ion  trap  used  for  radiative  association  measure¬ 
ments. 
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well  along  the  z  axis,  thus  leading  to  positive  ion  confinement  along  z.  The 
ions  of  charge  q  and  mass  m  are  radially  confined  by  the  magnetic  field.  In 
the  trap,  ions  move  with  simple  harmonic  motion  along  the  z  axis  at  frequency 
vz,  the  ion  cloud  rotates  uniformly  about  the  z  axis  with  the  magnetron  fre¬ 
quency  u_,  and  the  ions  execute  cyclotron  motion  in  the  R  field  with  the  off¬ 
set  cyclotron  frequency  u+  =  “I'cte  =  qB/2iim. 

Ion  clouds  of  CH3*  were  made  with  densities  of  105  .  iqs  (;p,-3  jnd  trapping 
lifetimes  of  order  IQ^  s.  Hydrogen  gas  was  then  introduced  through  the  back¬ 
ground  gas  pipe  (Fig.  1)  to  bring  the  neutral  density  to  ~10T  cm"3  and  the 
trapping  lifetime  to  -lO"*  s. 

Ions  are  nondestructively  detected  by  measuring  the  noise  power  at 
image  currents  to  the  endcaps.  The  area  under  the  spectral  feature  at 
is  proportional  to  the  product  of  the  number  of  ions  and  their  axial  tempera¬ 
ture.  The  relative  number  of  ions  of  a  particular  q/m  is  measured  by  applying 
a  small  amount  of  rf  power  at  u+-u.;  ion-ion  collisions  rapidly  bring  the  ion 
cloud  into  thermal  equilibrium,  and  one  observes  an  increase  in  signal  propor¬ 
tional  to  the  number  of  resonant  absorbers,  the  square  of  rf  amplitude,  and 
the  heating  time. 

Sequential  heating  of  each  species  in  a  period  short  compared  to  the 
reaction  time  is  used  to  establish  the  relative  number  of  each  ion  at  the 
measurement  time.  Figure  2  shows  a  typical  measurement  cycle.  The  cooling  or 
equilibration  rate  after  each  heating  is  also  determined  to  give  a  measurement 
of  the  neutral  density  (gas  densities  at  11  K  and  at  the  trapping  site  are  not 
measurable  by  conventional  techniques). 

Both  parent  and  daughter  ions  and  neutral  colliders  are  thus  monitored  at 
intervals  over  ~10‘*  s  and  the  total  ion  number  Nj(t)  =  5'i  Ni(t)  is  least- 
squares  fitted  to  Nx(t)=Noexp(-t/Ta)  to  determine  the  attrition  time  ig  of 
ions  in  the  trap.  The  number  jf  product  ions  is  given  by  Np(t)=Noexp(-t/Ta) 
[l-exp(-t/Tr)];  so  that  a  plot  of  Xp(t)  =  tn]l-[Np(t)/No)]exp(t/Ta))  versus 
time  yields  a  line  of  slope  l/rp,  where  tp  is  the  reaction  time  constant. 


TIME  (sec) 

FIGURE  2 

Demonstration  of  ion  signal  versus  time.  The  observed  signal,  the  noise  power 
in  image  currents  at  u^,  is  proportional  to  product  of  ion  number  and  tempera¬ 
ture.  The  signal  increases  sharply  (arrows)  when  cyclotron  resonant  power  is 
applied,  thus  increasing  the  temperature.  The  power  input  [(rf  amplitude)^  x 
time]  for  heating  CHs'*'  was  4  times  greater  than  for  CHg'*'.  From  Ref.  22. 
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The  reaction  probability  Pr(T)  Is  the  ratio  of  the  Ion-neutral  collision 
time  to  the  reaction  time;  PpCT)  =  The  1on-neutral  collision  time 

Is  related  (28)  to  the  observed  equilibration  time  te  by  =  (8/3)x 
[m-imn/(m-i-«nn)2]Te.  where  ra^  and  %  S'"®  ^be  ion  and  neutral  masses,  respec¬ 
tively.  The  reaction  rate  coefficient  is  then  simply  kp(T)  =  k^CT)  Pp(T) 
where  k(;(T)  is  the  collision  rate  coefficient.  Assuming  that  the  contribution 
of  the  quadrupole  moment  of  H2  is  small,  one  can  take  kj.{T)  to  be  simply  the 
Langevin  value  kL(T)  =  2iiq(o/u) ‘^2,  where  q  is  the  ion  charge  and  a  the  mole¬ 
cular  polarizability.  Then  we  have 


0  T. 


(9) 


as  the  final  relationship  for  obtaining  the  reaction  rate  coefficient. 

With  this  method,  Barlow  et  al.  (22)  found  for  the  reaction  of  Eq.  (Bl 

k^jdS  K)  =  1.1(*°-^)  X  10“^^  cm^  s‘^ 
and  Luine  and  Dunn  (23,24)  established  an  upper  limit  for  Reaction  (4)  of 
k^^(13  K)  <  1.5  X  10"^^  cm^  s‘^ 

The  measured  value  of  kp5(13  K)  is  about  an  order  of  magnitude  larger  than 
theoretical  values  in  the  literature  d6,29). 

A  more  recent  calculation  of  Bates  (17)  giving  Vjp  together  with  the  mea¬ 
sured  kp5  and  using  Eq.  (3)  yields  Ap  =  3  x  10^  s'*.  Extrapolating  three  body 
data  of  Smith  and  Adams  (30)  for  k(j,  and  assuming  50%  of  collisions  result  in 
stabilization,  gives  Ap  =  529  s">  when  taken  with  Eq.  (2)  and  the  measured 
kp5.  The  extrapolation  of  the  three  body  data  to  low  temperatures  is  a  very 
uncertain  procedure,  so  the  disagreement  by  nearly  a  factor  of  6  is  not  reason 
for  concern;  rather  it  points  up  the  difficulties  of  extrapolating. 

From  the  above  brief  discussion  of  RA,  we  can  conclude  that 

1)  The  basic  problem  seems  reasonably  well  understood,  hut  ways  to 
theoretically  get  at  Ap  are  inadequate.  The  calculation  of  l/jp  is  very  diffi¬ 
cult  —  especially  as  it  involves  unknown  states  of  the  intermediate  complex. 

2)  Experiments  are  woefully  few  in  number.  More  experiments  are  needed. 
However,  drift  tube  techniques  operate  at  densities  where  typically  [M]  > 

Ap/kj  for  reasonable  Ap,  so  results  with  these  methods  will  be  looked  at  with 
some  skepticism. 

3)  The  stabilizing  photons  should  be  looked  for  experimentally.  This 
promises  to  be  a  Herculean  task  that  will  not  likely  be  accomplished  in  the 
near  future. 

4)  For  purposes  of  more  directly  relating  to  the  interstellar  medium, 
measurements  at  low  temperatures  on  Hz  should  be  done  using  pure  para- 
hydrogen,  since  Vjp  [Eq.  (6)]  depends  on  the  ortho/para  mix. 


3.  OIELECTRONIC  RECOMBINATION 

Oielectronic  recombination  is  the  other  example  of  a  radiatively  stabilized 
collision  which  we  will  discuss  here.  The  DR  process  has  been  recognized  (fi) 
for  more  than  twenty  years  as  important  in  hot  plasmas;  but  interest  in  OR  has 
intensified  over  the  past  three  years  since  the  first  direct  cross  section 
measurements  were  made  (31-34). 

For  this  case,  the  form  for  Eq.  (1)  becomes 

e  .  j  (,(n-l).)**  ^  ,x(n-l).,*  ,  ^ 

and  is  represented  pictorially  in  Fig.  3.  An  electron  with  energy  e  less  than 
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Cartoon  showing  the  sequential  "steps"  in  dielectronic  recombination. 


aE,  that  is  necessar>'  to  excite  level  j  of  the  target  ion,  gains  kinetic  en¬ 
ergy  from  the  Coulomb  field  as  it  approaches  the  ion.  Close  to  the  ion  core, 
the  electron  has  more  than  enough  kinetic  energy  to  excite  the  core,  but 
having  done  so,  it  finds  itself  bound  with  energy  e.  The  complex  AB**  of  Eq. 
(1)  is  thus  formed.  The  two  electrons  can  communicate,  and  the  reverse  pro¬ 
cess  or  autoionization  will  occur  with  rate  kj,  =  Ag.  The  only  evidence  of 
anything's  having  happened  will  be  some  structure  in  the  elastic  scattering 
cross  section.  If,  however,  the  excited  core  electron  (or  the  trapped  Rydberg 
electron)  radiates  before  autoionization  occurs,  then  one  is  left  with  a 
Rydberg  state  of  a  once  less  charged  ion  --  DR  will  have  occurred. 

Because  of  the  importance  to  fusion,  astrophysical ,  and  other  hot  plasmas, 
there  has  been  extensive  theoretical  work  on  DR  (35-49),  so  much  in  fact  that 
complete  literature  citations  are  beyond  the  scope  of  this  paper.  The  ex¬ 
cellent  review  by  Seaton  and  Storey  (35)  is  a  good  place  to  start,  though  much 
has  been  done  since  that  time. 

No  measurements  existed  for  DR  until  1978  when  breakthroughs  by  Brooks  et 
al.  (50)  and  Breton  et  al.  (51)  provided  the  first  plasma  rate  measurements 
for  the  process.  Other  measurements  have  since  been  made  (52),  and  another 
important  new  plasma  method  was  introduced  by  Bitter  et  al.  (53)  in  1982.  The 
breakthrough  in  1982-1983  leading  to  colliding-beams  cross  section  measure¬ 
ments  (31-34,54)  has  allowed  more  direct  comparisons  between  theory  and  ex¬ 
periment.  In  a  nutshell,  the  results  of  the  beams  measurements  can  he  sum¬ 
marized  with  the  statement  that  all  give  measured  cross  sections  significantly 
larger  than  theoretically  predicted.  The  hypothesis  has  been  made  (42)  that 
there  is  in  effect  a  "knob"  on  the  reaction  which  can  be  turned  to  adjust  the 
size  of  the  cross  sections.  The  control  spoken  of  is  the  extrinsic  electric 
field  in  the  collision  region.  We  emphasize  here  that  this  "knob"  adjusts  the 
actual  reaction  cross  section,  and  not  just  some  apparent  or  detected  cross 
section. 

Before  describing  recent  experiments  to  explore  this  seemingly  bizarre 
hypothesis,  it  is  useful  to  consider  some  more  details  of  the  radiatively  sta¬ 
bilized  collision  process  for  the  specific  case  of  OR. 

Rewriting  Eq.  (2)  for  DR  in  terms  of  cross  section,  we  have 


DR 


M-(2t+l) 


Ag(n,£)A^(n,£) 


(11) 
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Now,  generally  Ar(n,il)  is  nearly  constant  with  n  and  t,  while 
varies  as  l/n^.  For  "low"  n's  and  t‘s,  »  A^,  where  the  inequality  defines 
what  we  mean  by  "low."  Numbers  may  be  Ag  ~  IQi**  s‘>,  Ap  ~  10**  s"'.  Under 
these  conditions,  as  already  seen  in  Eq.  (3),  ooR(n,t)  »  Ar(n,t),  At  high 
enough  n's,  Aj  =  Ap,  and  beyond  that,  Ap  >  Aj,  so  oQR(n,t)  «  Aj(n,tl  =  1/n’. 

Similarly,  Aj|(n,£)  decreases  rapidly  with  t  (e.g.  Aj-  expC-at^),  where  o  is 
a  constant).  The  total  DR  cross  section  is  a  sum  over  the  resonances  covering 
the  combinations  of  n  and  t.  For  a  given  (low  to  moderate)  n,  and  for  low  t, 
again  Aj  >>  Ap  so  o[)R(n,£)«(2£+l)Ap  and  for  high  £,  apR  (n ,  e)«(2e+l )exp{-a?.^) . 
This  is  visualized  with  the  aid  of  Figure  4  which  shows  a  hypothetical  Ap  and 
Aa  versus  t  for  constant  n  as  well  as  the  resultant  aDR(n,£)  from  Eq.  (11). 
Thus,  though  the  number  of  resonances  which  could  contribute  to  DR  increases  as 
n-1 

I  2(2i*l)  =  2n‘^  , 

£=0 

only  I's  for  £  s  will  typically  contribute. 


t 


FIGURE  4 

Schematic  illustration  showing  variation  of  the  autoionization  rate  A,  and  the 
radiative  stabilization  rate  Ap  as  functions  of  £  for  fixed  n  (read  log  ordin¬ 
ate  scale  on  left).  Solid  curves  are  for  no  i  mixing,  dashed  curves  for  small 
amount  of  £  mixing  by  fields  or  other  mechanisms.  Also  shown  are  cross  sec¬ 
tions  cjDR  [see  Eq.  (11)]  resulting  from  the  rates  (read  linear  scale  on  right) 
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While  this  is  no  limitation  for  small  n's  where  =  ''-1  <  ic>  already 
for  moderate  n's  all  possible  contributions  from  t's  with  <  i  <  n-1  are 
suppressed  because  of  the  strong  decrease  of  Aj  with  i.  This  becomes  even 
more  dramatic  with  high  n's  where  the  relation  Ag  ~  l/n^  leads  to  a  strong 
decrease  of  the  cutoff  angular  momentum  and  hence  the  OR  cross  section. 

Thus,  a  plot  of  o  versus  n  will  appear  as  the  solid  curve  in  Fig,  5, 

wnereas  if  all  the  i  states  at  each  n  could  contribute  equally,  there  would 

result  a  curve  similar  to  the  dashed  curve  in  Fig.  5.  The  effect  of  the 
electric  field  "knob"  is  to  “tune"  in  or  out  the  i  resonances  which  contribute 
/Significantly  ta  the  collision.  One  may  visualize  this  crudely  by  referring 
again  to  Fig.  4.  Introducing  an  electric  field  will  mix  states  for  i.  > 

,  with  states  for  t  <  with  the  result  that  the  dashed  curve  for  aJ  results. 
Since  Iq  is  extended  to  Iq,  the  states  between  ij.  and  t*  now  add  to  the  cross 
section;  and  oDR{n,t)  results  as  depicted  by  the  dashed  curve  in  the  figure. 

In  Fig.  5,  a  curve  between  the  solid  and  dashed  curves  would  result.  Though 

proper  theoretical  description  must  make  use  of  Stark  states,  this  qualitative 

picture  in  terms  of  spherical  states  relays  the  general  physical  picture  in 
terms  perhaps  more  familiar  to  most. 

It  has  been  recognized  for  some  time  that  mixing  of  angular  momentum  states 
by  mechanisms  such  as  collisions  (55),  plasma  microfields  (56),  and  magnetic 
fields  (57)  may  affect  DR.  More  recently,  in  an  effort  to  rationalize  the 
disparity  between  results  of  beams  experiments  and  theoretical  calculations, 
the  effects  of  extrinsic  electric  fields  have  been  treated  theoretically 
(42,47,58,59). 

Recently,  experiments  were  carried  out  at  JILA  (60)  to  explore  the 
hypothesis  that  the  cross  section  for  DR  can  be  varied  by  controlling  the 
electric  field  in  the  collision  region.  In  the  experiments  cross  sections 
were  measured  as  a  function  of  electron  energy  for  a  fixed  value  of  principal 
quantum  number  of  the  final  Rydberg  atom,  and  these  measurements  were  made  for 


FIGURE  5 

Illustration  showing  anticipated  dependence  of  dielectronic  recombination 
cross  section  on  the  principal  quantum  number  of  the  final  Rydberg  state. 
Solid  curve  is  for  no  i  mixing;  dashed  curve  is  for  full  i  state  mixing 
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two  values  of  electric  field  in  the  collision  region.  Also,  at  a  fixed  value 
of  electron  energy,  cross  sections  were  measured  as  a  function  of  principal 
quantum  number  of  the  final  Rydberg  state,  and  these  measurements  were  done 
for  three  values  of  electric  field  in  the  collision  region. 

The  experiments  were  performed  for  the  process, 

Mg^(3s)  *  Mg  (3p,n^:)  Mg  (3s,n^r)  +  hv  (12) 

with  an  arrangement  schematically  illustrated  in  Fig.  6.  A  beam  of  mass 
selected  21*^5+  ,Qf,s  (2  keV,  ~300  nA)  is  crossed  by  a  magnetically  confined, 
variable-energy  beam  of  electrons  (~25  uA,  ~0.5  eV  energy  width),  nielec- 
tronic  recombination  processes  occur  in  an  electric  field  (y  direc¬ 

tion)  which  can  be  changed  by  variation  of  the  ion  velocity  v^  or  the  magnetic 
field  B.  With  v^  between  0.64  x  10'^  cm  s"'  and  1.27  x  10'^  cm  s"i  the  doubly 
excited  Mg  atoms  formed  by  the  capture  of  a  free  electron  into  a  bound  Rydberg 
state,  with  simultaneous  excitation  of  the  ground  state  3s-e1ectron  into  3p 
states,  can  stabilize  by  the  emission  of  a  3p-3s  photon  within  a  flight  path 
of  less  than  0.25  mm,  thus  completing  the  DR  process.  Rydberg  atoms  surviving 
tl.e  field  in  the  interaction  region  then  enter  a  field  which  separates 
Mg'*'  ions  from  the  neutral  beam.  The  field  plates  extend  from  about  6  cm  to  21 
cm  down  beam  from  the  collision  region.  The  field  separator  is 

parallel  to  lc<  considering  an  additional  contribution  from  the  fringe 
magnetic  field  of  the  electron  gun,  E(-  was  kept  to  a  maximum  of  about  40  V 
cm'',  a  field  such  that  classically  all  atoms  with  n  >  53  are  field  ionized. 

Field  ionization  has  been  used  in  these  measurements  to  distinguish  between 
Rydberg  atoms  in  different  quantum  states.  The  field  needed  to  ionize  a  given 
quantum  state  depends  generally  on  all  its  quantum  numbers,  not  just  n.  How¬ 
ever,  in  the  experiment  there  is  only  the  field  to  distinguish  states. 

Thus,  we  have  adopted  an  operational  definition  and  use  the  formula  for  the 
classical  saddle  point 

n^  =  (3.2  X  10®/E.)^^''  (13) 

to  label  the  Rydberg  states  detected  at  an  electric  field  E^  (V  cm-'). 

'The  Rydberg  atoms  surviving  the  separation  field  fj  are  introduced  into  a 
region  with  an  electric  field  in  the  x-z  plane  given  by  =  V/{<!R)n,  where  a 
voltage  of  ±V  is  applied  to  plates  at  an  angle  28  with  respect  to  each  other 
(^8=15°  in  this  experiment),  R  is  the  distance  from  the  apex  of  the  wedge,  and 
e  is  the  cylindrical  coordinate  unit  vector.  (The  wedge  field  is  shown  ro¬ 
tated  90“  about  the  z-axis  in  Fig.  6.)  Because  the  field  changes  with  z. 


FIGURE  6 

Schematic  of  the  crossed  beams  apparatus  with  wedge  field  Rydberg  state 
detector  used  for  DR  measurements. 
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Kydberg  atoms  in  different  quantum  states  are  field  ionized  at  different 
values  of  z,  presenting  the  opportunity  to  selectively  detect  the  electrons  or 
ions  produced  from  different  states.  In  one  plate  (the  top  in  Fig.  6)  about 
72  cm  down  beam  from  the  collision  region,  a  29  mm  gridded  square  aperture  is 
cut,  behind  which  is  located  a  position-sensitive  detector  (multichannel 
plates  with  resistive  anode).  This  detects  particles  in  a  given  range  of  nf, 
as  shown  in  the  figure  for  electrons  between  nf  =  44  and  48.  Ry  changing  the 
voltage  on  the  plates  and/or  the  angle,  a  large  range  of  nf's  can  he  detected. 
By  choosing  the  polarity  of  voltages  on  the  plates,  one  can  observe  either 
electrons  or  ions. 

Proper  measurements  of  beam  current,  signal  counts,  beam  overlap  factor, 
and  detector  efficiency  then  allowed  the  determination  of  the  cross  section 
o(nf).  Variation  of  electron  energy  Eg  for  fixed  V  on  the  wedge  field  plates 
gave  anj:(Ee)  versus  Eg  with  results  shown  in  Fig.  7.  Variation  of  the  voltage 
V  on  the  wedge  field  plates  for  fixed  Eg  gave  o(nf)  vs.  nf  with  results  shown 
in  Fig.  8. 

These  results  clearly  demonstrate  the  strong  influence  of  extrinsic 
electric  fields  on  OR  cross  sections  and  on  the  final  Rydberg  state  distri¬ 
bution.  The  observed  trends  are  in  qualitative  agreement  with  predictions  of 
LaGattuta  and  Hahn  (42)  and  recent  calculations  of  Griffin,  Pindzola  and 
Bottcher  (61);  however,  a  direct  comparison  between  experimental  and  theore¬ 
tical  results  is  complicated  by  the  fact  that  the  label  nf  used  in  the  experi¬ 
ment  to  identify  Rydberg  states  is  not  the  same  as  the  principal  quantum 
number  n.  Further  work  must  be  done  on  this  "mapping,"  but  this  is  seen  more 
as  a  detail  that  will  affect  the  shapes  of  the  o(nf)  vs.  nf  curves,  but  not 
the  total  cross  sections. 

As  intriguing  and  interesting  as  this  “knob"  on  the  cross  section  is,  it 
has  serious  implications  for  future  experiments  to  study  DR,  since  a  "dial" 
must  be  included  with  the  "knob,"  i.e.  provision  should  be  made  to  determine 
what  the  extrinsic  fields  are.  Similarlj,  this  behavior  of  DR  must  he  thought 


FIGURE  7 

Cross  section  a(nf=33)  versus  electron  energy  for  two  different  extrinsic 
fields;  solid  circles.  Eg  =  23.5  V  cm"*;  open  circles;  Eg  =  7.24  V  cm"*. 
Uncertainties  are  one  statistical  standard  deviation.  Arrow  indicates 
excitation  threshold  energy.  From  Ref.  60. 
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FIGURE  R 

Cross  section  times  width  4Ee  of  electron  energy  distribution  versus  field 
ionization  quantum  number  n^  [see  Eg.  (13)].  Solid  circles,  E^;  =  ?3.5  V  cm'i, 
open  circles,  E^  =  7.24  V  cm"';  triangles,  Ec  =  3.62  V  cm"'.  Uncertainties 
are  one  statistical  standard  deviation.  For  nf  =  33  the  relative  uncertain¬ 
ties  are  also  indicated.  Absolute  uncertainties  at  nf  =  33  are  within  IDt,. 
From  Ref.  60. 


about  and  dealt  with  in  applications  areas.  For  some  cases  the  effects  of 
fields  may  be  quite  minimal.  For  example,  Af  generally  scales  as  Z"*,  so  for 
high  z  we  may  have  Aj  >  Af  only  for  a  few  low  n;  and  since  for  low  n, 
fmax  fc  tl'ere  is  no  reservoir  of  states  which  electric  fields  can  "turn 
on."  Thus,  depending  on  the  specific  circumstances  of  applications,  the 
field-effects  issues  may  or  may  not  be  important,  but  need  to  he  considered. 

The  earlier  beams  experiments  on  OR  seem  to  be  at  least  qualitatively 
explained  by  the  field  effects.  For  the  merged  beams  experiments  at  Oak  Ridge 
National  Laboratory  (33,62),  the  OR  results  may  provide  a  measurement  of  aver¬ 
age  electric  field  in  the  1  m  long  interaction  region,  since  a  hypothesized 
field  of  25  V/cm  gives  reasonable  agreement  between  theory  (5R,61)  incorpora¬ 
ting  fields  and  the  experiments  for  most  species  studied.  No  independent 
methods  of  determining  the  fields  in  the  collision  region  are  yet  available. 

Figure  9  shows  results  from  the  Oak  Ridge  experiments  (6?)  for  the  sodium¬ 
like  ion  SS'*'  compared  to  calculations  with  no  fields  (lower  curvel  and  com¬ 
plete  Stark  mixing  (upper  curve).  The  experimental  points  lie  in  the  inter¬ 
mediate  area;  and,  as  noted  above,  a  theoretical  curve  (61)  incorporating  a 
field  of  25  V/cra  passes  quite  nicely  through  the  measurements. 

In  summary,  for  dielectronic  recombination,  we  note  that 

1)  The  gap  between  experiment  and  theory  is  closing;  the  process  seems 
reasonably  well  understood, 

2)  Extrinsic  electric  fields  must  be  considered  part  of  the  collision 
system,  since  they  mix  angular  momenta  leading  to  dramatic  enhancement  of  HR 
cross  sections.  Fields  needed  for  such  mixing  are  relatively  small. 

3)  Though  the  i jle  of  possible  field  enhancement  needs  to  he  looked  at  for 
each  applications  case,  the  field  enhancement  of  DR  cross  sections  may  not  he 
important  for  most  highly  charged  ions. 
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FIGURE  9 

The  UR  rate  v^o  versus  E^  for  from  Ref.  62.  Upper  curve  (full  mixing)  and 
lower  curve  (no  mixing)  were  calculated  from  cross  sections  in  Ref.  58. 


4)  The  theoretical  work  on  plasma  microfield  enhancement  and  collisional 
enhancement  of  DR  cross  sections  needs  to  be  taken  seriously  by  workers  in 
applications  areas.  Experiments  are  needed  to  demonstrate  and  verify  these 
effects. 

5)  The  roles  of  fine  structure  and  other  state  interference  effects  need 
more  work;  there  are  no  good  experimental  observations  so  far. 

6)  There  is  a  need  for  experiments  on  multiply  charged  ions  where  fields 
are  defined,  measured,  etc. 

7)  Experiments  separating  low-lying  resonances  (final  Rydberg  states)  would 
be  valuable  in  testing  the  relationship  between  radiative  and  dielectronic 
recombination  and  the  presence  of  possible  interference. 


4.  SUMMARY 

Radiatively  stabilized  collisions  are  a  unique  class  of  collisions  to  which 
relatively  little  attention  has  been  devoted  until  quite  recently.  Yet,  they 
play  critical  rdes  in  the  behavior  of  plasmas  in  the  coldest  (interstellar 
clouds)  and  hottest  (stars,  fusion  plasmas),  parts  of  the  universe.  Though 
the  past  few  years  can  boast  much  progress  in  understanding  these  processes, 
much  work  remains  in  uncovering  the  intricacies  of  these  ellegant  and  fragile 
oOl 1 isions. 

The  author  emphasizes  with  gratitude  the  role  of  colleagues  in  the  work  at 
JILA.  The  experiments  on  radiative  association  were  supported  by  the  National 
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and  M.  Schauer.  The  recent  work  on  field  effects  in  dielectronic  recombina 
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1.  INTRODUCTION 

Up  to  1984  experimental  analysis  of  the  electron-spin  polarization  (ESP) 
in  photoionization  and  photoemission  using  circularly  polarized  light  (Fano 
effect  (1))  was  restricted  to  angle-integrated  measurements  (2,  3)  without 
resolution  of  the  kinetic  energy  of  the  photoelectrons  ejected.  With  the 
development  of  the  new  German  dedicated  electron  storage  ring  for  synchrotron 
radiation  BESSY  in  Berlin,  .ight  source  of  circularly  polarized  vacuum  ultra¬ 
violet  (vuv)  radiation  with  sufficiently  high  intensity  has  become  available, 
making  angle-  and  energy-resolved  spin-polarization  transfer  studies  from 
circularly  polarized  radiation  onto  photoelectrons  feasible.  These  measurements 
have  been  performed  with  free  atoms  (4,  5),  atoms  adsorbed  on  solid  sur¬ 
faces  (6)  as  well  as  with  a  solid  state  system  (7)  even  in  a  photon  energy 
range  i  10  eV,  where  conventional  methods  for  producing  circularly  polarized 
radiation  break  down  because  no  transparent  or  even  double  refracting  material 
exists.  These  studies  using  circularly  polarized  radiation  complement  recent 
photoelectron  spectroscopy  measurements  with  free  randomly  oriented  (8)  as 
well  as  free  oriented  molecules  (9).  One  of  the  reasons  why  these  experiments 
have  been  done  is  to  find  a  set  of  parameters  measured  in  the  experiments 
which  characterize  the  photoemission  process  quantummechanical ly  completely. 

It  builds  a  bridge  from  the  atoms  via  the  molecules  via  the  adsorbates  to 
the  three-dimensional  crystal.  It  makes  this  cross  comparison  not  only  in 
terms  of  intensities  and  polarizations  but  also  by  means  of  dipole  matrix 
elements  and  phase-shift  differences  of  continuum-wave  functions  for  single 
channels,  which  are  energy  degenerate  but  have  been  isolated  by  the  data- 
combination  of  different  non-redundant  experiments. 

The  reaction  plane  of  symmetry  for  an  angle-  and  spin-resolved  photo¬ 
ionization  process  of  an  unpolarizod  atom  or  unoriented  molecule  using  circu¬ 
larly  polarized  radiation  is  shown  in  Fig.  1.  Because  the  momentum  of  the 
photon  IS  negligibly  small  compared  with  the  momentum  of  the  photoelectron 
(valid  in  nonrelativistic  approximation  for  photon  energies  s  100  eV)  there 
IS  a  forward-backward  symmetry  in  tne  reaction  plane  of  Fig.  1.  It  also  makes 
no  difference  whether  right  handed  circularly  polarized  radiation  comes  from 
the  left  or  left  handed  comes  from  the  right.  The  rotational  symmetry  around 
the  direction  of  the  photon  momentum  causes  both  ESP  components  perpendicular 
to  the  photon  spin  to  vanish  for  photoelectron  emission  angles  6  =  0,  ii/Z,  r. 
This  is  shown  in  Fig.  2,  where  the  angle  dependences  of  intensity  1(0)  and 
spin  polarization  components  are  shown  for  a  certain  atomic  photoionization 
process  (xenon),  which  has  been  simultaneously  resolved  with  respect  to  all 
relevant  variables  i.e.:  radiation  wavelength  80  nm,  radiation  polarization 
o  ,  electron  emission  angle  0,  electron  kinetic  energy  corresponding  to  the 

final  ionic  state  Xe^  ^^1/2’  ^  components  of  the  electron  spin  polarization 

vector  ?(9):  ^(0)  perpendicular  to  the  reaction  plane,  A(0)  parallel  to  the 
photon  spin,  Pp(0)  perpendicular  to  the  photon  spin  but  in  the  reaction  plane. 

The  curves  in  Fig.  2  are  fits  to  the  experimental  points  (4,  5)  (the  size 
of  a  typical  error-bar  cross  is  given  in  the  middle  part)  and  are  in  accordance 
with  the  theoretical  predictions  by  Cherepkov  (10)  and  Lee  (11): 
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dynamical  parameters  of  the  photoionization  process,  which  are  energy  dependent 
and  which  are  one  possible  set  for  a  complete  quantummechanical  charactei 
ization. 

A(6)  and  P  (6)  vanish,  if  linearly  polarized  or  unpolarized  instead  of 
circularly  po?arized  radiation  is  used, (12,  13)  All  five  curves  in  Fig.  2 
show  a  reflection  symmetry  with  respect  to  6  =  ii/2,  but  1^(6)  and  PpO)  with 
changing  sign.  Thus,  the  polarizations  of  opposite  sign  cancel  one  another, 
if  the  photoelectrons  ejected  are  extracted  by  an  electric  field  regardless 
of  their  direction  of  emission.  The  only  non-vanishing  component  of  the  spin 
polarization  in  an  angle-integrated  measurement  is  A(0)  which  yields  A  as 
the  average  value.  This  Fano-effect  value  A  is  identical  with  A(0)  for  the 
so  called  magic  angle  9  =  54°,  where  the  second  Legendre  polynomial  vanishes. 

To  determine  A  in  an  angle-resolved  experiment  yields  the  advantage,  that 
it  can  be  now  also  studied  as  function  of  the  electron  energies  by  use  of 
an  electron  spectrometer  in  the  experiment,  which  was  impossible  in  the  former 
original  type  of  experiment  to  determine  A  angle  integrated.  It  is  also  worth 
noting  that  within  the  error  limits  the  photoelectrons  emitted  into  forward 
direction  6=0  have  been  found  (4)  to  be  completely  spin  polarized  (Fig.  2 
middle  part),  which  has  been  explicitly  theoretically  predicted  for  this  final 
ionic  state  one  and  a  half  decades  ago.  (14)  Thi-  nomplete  ESP  in  forward 
direction  parallel  to  the  photon  spin  as  well  as  e  fart,  that  the  electron 
polarization  is  proportional  to  the  degree  of  photon  polarization  if  partly 
polarized  radiation  is  used,  allows  to  characterize  the  process  by  the  phrase 
"spin-polarization  transfer"  from  spin  polarized  photons  onto  photoelectrons. 

The  bottom  part  of  Fig.  2  demonstrates  that  the  length  of  the  ESP  vector 
never  vanishes  as  function  of  the  emission  angle  0.  This  can  be  generalized 
by  the  experimentally  confirmed  rule,  that  in  an  angular  resolved  photoemission 
experiment  on  atoms,  molecules,  adsorbates  or  solids  it  is  very  common  rather 
than  exceptional  to  get  spin  polarized  photoelectrons. 


2.  EXPERIMENTAL  TECHNIQUES 

The  main  components  of  the  two  apparatus  built  at  the  new  German  electron 
storage  ring  BESSY  -  one  for  the  studies  of  atomic  and  molecular  photo¬ 
ionization  (4)  and  one  for  photoemission  experiments  with  solid  surfaces  (7) 
and  adsorbates  (6)  -  are  briefly  discussed  here.  The  synchrotron  radiation 
is  dispersed  by  a  6.5  m  N.I.  UHV  monochromator  of  the  Gillieson  type  (15) 
with  the  electron  beam  in  the  storage  ring  being  the  virtual  entrance  slit. 

A  spherical  mirror  and  a  plane  holographic  grating  (1200  lines/mm)  form  a 

1  :  1  image  of  the  tangential  point  in  the  exit  slit.  With  a  slit  width  of 

2  mm  a  bandwidth  of  0.5  nm  has  been  achieved.  Apertures  movable  in  vertical 
direction  are  used  to  select  radiation  emitted  above  and  below  the  storage 
ring  plane,  which  has  positive  or  negative  helicity,  respectively.  In  the 
plane,  the  synchrotron  radiation  is  linearly  polarized. 
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The  optical  degrees  of  polarization  of  the  synchrotron  radiation  have  been 
measured  (4)  by  means  of  a  rotatable  four-mirror  analyzer  (16).  Fig.  3  shows 

the  results  for  the  circular  polarization  P  .  and  the  linear  polarization 

circ 

°lin  functions  of  the  vertical  angle  lii  (±0.1  mrad).  The  solid  lines  which 
represent  the  theoretical  predictions  according  to  Schwinger's  theory  show 
excellent  agreement  with  the  experimental  results  demonstrating  a  complete 
linear  polarization  and  a  vanishing  circular  polarization  of  radiation  emitted 
in  the  plane  of  the  BESSY-storage  ring.  Under  the  conditions  of  radiation 
accepted  in  the  vertical  angular  range  from  1  to  5  mrad  out  of  the  storage 
ring  plane,  a  photon  flux  of  10^^  to  10^^  photons  s  '  with  a  degree  of  circular 
polarization  P  =  93  %  passes  the  monochromator  exit  slit  and  hits  the 
phototarget.  ' 

The  monochromatized  and  in  general  elliptically  polarized  light  produces 
photoelectrons  in  a  region  free  of  electric  or  magnetic  fields.  As  shown  in 
Fig.  4  the  photoelectrons  emitted  in  the  reaction  plane  at  an  angle  9  are 
energy  analyzed  in  a  simulated  hemispherical  electron  spectrometer  (17),  which 
is  rotatable  around  the  normal  of  the  reaction  plane.  An  electrostatic  deflec¬ 
tion  by  90°  directs  the  electron  beam  along  the  axis  of  rotation  of  the  elec¬ 
tron  spectrometer.  After  a  second  deflection  by  90°  the  electron  beam  is  accel¬ 
erated  to  120  keV  and  scatterd  at  the  gold  foil  of  the  Mott  detector  (18). 

A(9)  and  1^  (9)  both  being  transverse  components,  are  simultaneously  determined 
from  the  left-right  scattering  asymmetry  measured  by  two  pairs  of  detectors 
as  shown  in  Fig.  4.  Instrumental  asymmetries  could  be  easily  eliminated  by 
taking  advantage  of  the  reversal  of  light  helicity  and  of  the  change  of  the 
emission  angle  from  9  to  -6  as  well  as  by  use  of  4  additional  detectors  in 
forward  scattering  directions  in  the  Mott  detector,  not  shown  in  Fig.  4. 


♦  Imrodl 


FIGURE  3 

Degree  of  circular  and  linear  polar¬ 
ization  and  P^^^,  respectively, 

of  vuv  synchrotron  radiation  emitted 
from  the  BESSY-storage  ring  plane 
as  function  of  the  vertical  angle 
ik  (±0.1  mrad)  (4) 


FIGURE  4 

Schematic  diagram  of  the  apparatus, 
built  up  at  BESSY  (4) 
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In  the  solid  state  apparatus,  the  sample  is  cleaned  by  ion  bombardment, 
heating  in  oxygen,  and  flashing;  it  is  characterized  by  low  energy  electron 
diffraction  (LEED)  and  scanning  Auger  electron  spectroscopy  in  a  separate 
preparation  chamber.  The  crystal  on  top  of  a  three-axcj  manipulator  movable 
between  preparation  and  photoemission  chamber,  can  be  cooled  by  use  of  a 
temperature-controlled  liquid  He-Cryostat  to  temperatures  of  less  than  40  K. 

The  adsorbate  is  introduced  via  a  doser  nozzle  which  kept  the  background  press¬ 
ure  below  10'^  mbar  (base  pressure  5  •  10  mbar),  allowing  the  continuous 
monitoring  of  the  photoelectron  spectra  and  LEED  pattern  as  function  of  cover¬ 
age.  The  photoelectrons  emitted  into  a  cone  ±3°  are  energy  analyzed  at  a  resol¬ 
ution  of  90  meV  FWHM. 


3.  ATOMIC  PHOTOIONIZATION 

All  photoelectron  spin  polarization  effects  in  atoms  arise  due  to  the 
existence  of  the  spin-orbit  interaction.  Because  of  that  the  S.  and  m^  quantum 
numbers  are  no  longer  good  and  thus  the  "spin  momentum  transfer"  is  no  longer 
performed  from  the  photon  spin  to  the  orbital  angular  momentum  I  and  m.  but 
to  the  total  angular  momentum  j  and  m.  of  which  the  photoelectron  spin  is 
a  part.  Discussing  this  influence  of  ihe  spin-orbit  interaction  quantitatively, 
however,  one  has  to  distinguish  between  two  cases: 

1.  Photoionization  of  atoms,  where  the  discrete  atomic  or  ionic  states 
involved  show  a  fine  structure  splitting  induced  by  the  spin-orbit 
coupl ing. 

2.  Photoionization  of  an  atomic  s-subshell,  where  neither  the  ground-state 
nor  the  final  ionic  state  shows  a  splitting. 

Case  1,  the  more  general  one,  is  fulfilled  for  photoionization  of  rare 
gas  atoms.  Two  peaks  in  the  photoelectron  spectrum  correspond  with  the  ionic 
2  2 

states  P^^2  ^3/2'  existence  of  the  spin-orbit  interaction. 

Both  peaks  in  the  spectrum  yield  spin-polarized  photoelectrons  but  with  a 
spin-polarization  degree  of  opposite  sign,  in  other  words,  in  case  the 
spin-orbit  interaction  is  not  resolved  by  use  of  an  appropriate  electron  spec¬ 
trometer,  the  polarizations  of  opposite  sign  for  both  unresolved  peaks  would 
almost  cancel  one  another.  A  quantitative  example  is  shown  in  Fig.  5  as  the 
wavelength  dependences  of  the  dynamical  spin  parameters  a  and  A  for  photo- 
ionization  of  xenon.  The  agreement  of  the  experimental  data  (error  bars  (4)) 
with  the  theoretical  predictions  fRRPA  solid  curves  (19),  RPAE  dashed  curve 
(20))  is  good. 

One  needs  the  spin-orbit  interaction  and  the  fine-structure  splitting  in 
order  to  get  polarized  photoelectrons.  It  is,  however,  worth  noting  that  the 
magnitude  of  the  ESP  in  both  peaks  does  not  depend  on  whether  the  spin-orbit 

interaction  is  strong  or  weak.  While  the  fine-structure  splitting  in  Xe^  is 

seven  times  larger  than  in  Ar^,  the  magnitudes  of  the  polarizations  given 
by  height  and  shape  of  the  wavelength  dependence  of  the  dynamical  spin  para¬ 
meters  are  nearly  the  same  for  Ar,  Kr  and  Xe.  (2,  12.  16) 

Case  2  is  fulfilled  in  the  photoionization  of  mercury  atoms  for  example: 


Hg  es^  (’s^) 


Hg  6s  (  -i 
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X  ( nm  ) 


FIGURE  5 

Experimental  results  of  the  spin  parameters  a  and  A  (4),  upper  and  lower  part, 
respectively,  as  functions  of  the  radiation  wavelength  for  photoelectrons 
leaving  the  xenon  ion  in  the  states  in  comparison  with 

theoretical  predictions:  RRPA  (19)>  solid  curve;  and  RPAE  (20),  dashed  curve 
(RRPA  =  relativistic  random  phase  approximation,  RPAE  =  RPA  with  exchange). 

The  photoionization  transitions  into  the  two  energy-degenerate  continuum  final 
states  'p^  and  ^P^  are  described  by  the  singlet  and  triplet  amplitudes  and 
0-,  respectively,  as  well  as  by  the  difference  of  the  continuum-phase  shifts 
di-b-.  Ir:  t"' . ‘  i-ansition  ^mnl  i  L'.j.s  anH  phases,  the  dynamical  para¬ 

meters  read  (11,  21,  22): 


0  =  ^r^aa^uiCDj+D^) 


6  = 


A  = 


0^.0^ 


3/2DjDjSin(6j-6j) 

4(d2+d2) 

Dj-2/2D^D-|.cos(5  j-dj) 

2(D^+D^) 

-D^-  ►^DjDjCos(*5-‘5^) 
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It  is  remarkable  that  the  asymmetry  parameter  6  depends  incoherently  upon 
the  matrix  elements  with  the  consequence  that  neglecting  the  spin-orbit  inter¬ 
action  (Dj  H  0)  the  "parity-favored"  transition  yields  3=2.  The  spin 
parameter  5  is  given  by  a  single  interference  term  containing  the  sine  of 
the  phase-shift  difference.  It  is  worth  noting  that  all  3  spin-parameters 

A,  a  which  are  a  measure  for  the  3  components  of  the  spin-polarization 
vector  are  proportional  to  the  "parity-unfavored"  matrix  element  Dj.  This 
means,  that  in  this  case  the  magnitude  of  the  electron  polarization  is  a 
measure  of  the  strength  of  the  spin-orbit  interaction,  which  influences 
the  photoionization  process  here  in  the  final  continuum  state  without  a  fine- 
structure  splitting.  Neglecting  the  spin-orbit  coupling,  all  three  spin  para¬ 
meters  must  vanish.  These  effects  have  been  studied  in  detail  for  mercury 
(23  -  28).  The  experimental  results  of  all  5  dynamical  parameters  allow  to 
determine  the  matrix  elements  Dc  and  D-  as  well  as  the  phase-shift  difference 
separately  (27). 

A  strong  enhancement  of  the  influence  of  the  spin-orbit  interaction  and 
thus  a  pronounced  ESP  has  been  seen  in  resonance  regions,  where  effects  of 
configuration  interaction,  channel  mixing  and  many-electron  correlations  play 
an  important  role.  Fig.  6  gives  an  example  for  the  photoionization  of  xenon 

2  2 

in  the  autoioni zation  region  between  the  ^3^2  ^1/2  with 

respect  to  the  total  photoionization  cross  section  0  (29).  the  asymmetry  para¬ 
meter  S  (30),  the  spin  parameters  A,  S  and  a  (5),  respectively.  All  five 
dynamical  parameters  show  a  pronounced  variation  as  function  of  the  wavelength. 
Earlier  results  for  the  spin  parameter  A  (16)  (dotted  curve)  employing  a  method 
which  yields  the  ESP  of  the  angle-integrated  flux  are  also  given  and  show 
good  agreement  with  the  data  obtained  angular  resolved.  For  comparison  the 
results  of  an  RRPA  calculation  (31)  and  a  semiempi rical  MODT-analysi s* ( 11 ), 
convoluted  with  the  experimental  bandwidth,  are  shown  as  full  and  dashed 
curves,  respectively.  The  wavelength  dependences  of  the  spin  parameters 
measured  are  in  reasonable  agreement  wit  both  theories. 

The  combination  of  the  data  given  in  Figs.  5  or  6  allows  to  determine  all 
matrix  elements  as  well  as  all  phase-shift  differences  of  the  continuum  wave- 
functions  separately.  The  procedure  of  this  uses  formulae  (16)  similar  to 
those  of  mercury  mentioned  above  which  are,  however,  more  complicated  than 
in  the  6s  photoionization  of  mercury  because  5  instead  of  2  channels  are  open: 


Xe  5p^  (^S^)  Xe'"  5p^  <^^1/2'  ^^3/2^ 

+e  (es,/2-  ^‘*3/2'  ^'^5/2^ 


The  influence  of  the  relativistic  effects  clearly  shows  up  in  the  matrix 
elements  for  transitions  into  the  partial  energy-degenerate  continue.  The 
phase-shift  difference  between  d^y^  ^3/2  continuum  states,  for  example, 
is  significantly  different  from  zero.  The  importance  of  relativistic  and  corre¬ 
lation  effects,  however,  can  be  visualized  in  a  more  convenient  way  by  appli¬ 
cation  of  the  angular  momentum  transfer  formalism  (32,  33).  The  continuum 
states  are  classified  by  the  angular  momentum  of  the  photon  and  the  orbital 
angular  momentum  of  the  photoelectron.  In  the  case  of  the  Xe^  ^^3/2 
ionic  state,  there  are  two  "parity-favored"  transitions  with  t  =  1  into  s- 
and  d-continua  and  one  "parity-unfavored"  transition  with  t  =  2  into  a  d- 
continuum  (21).  "Parity-unfavored"  contributions  to  the  photoionization  process 
are  caused  by  anisotropic  interactions  in  the  photoelec  ron  emission. 


*MQDT  =  Multichannel  quantum  defect  theory. 
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FIGURE  6 

Pfiotoionization  cross  section  Q  (29),  asymmetry  parameter  S  (30)  and  spin-po- 
larization  parameter  (5,  16)  in  the  autoionization  range  of  xenon.  The  band- 
widths  used  are  shown  as  horizontal  error  bars.  Theoretical  values  for  a  A  and 
S  are  represented  by  the  full  (RRPA  (31))  and  dashed  (semiempirical  (11))  curves 


Some  selected  results  (34)  are  shown  in  Figs.  7  and  8.  Fig.  7  shows  the  tran¬ 
sitions  amplitude  for  the  parity  unfavored  d-channel  t  =  2  together 

the  phase-shift  difference  between  the  matrix  elements  for  the  d  (t  =  2)  tran¬ 
sition  and  the  s  (t  =  1)  transition  after  elimination  of  the  coulomb-phase- 
shift.  The  parity-unfavored  transition  reaches  up  to  50  %  of  the  values  of 
the  two  parity-favored  amplitudes  which  shows  the  importance  of  anisotropic 
interactions  in  the  photoionization  investigated,  it  is  interesting  to  note 
that  the  enhancement  of  the  matrix  element  at  about  17  eV  only  appears  in 
the  parity-unfavored  channel.  All  parity-favored  matrix  elements  monotonical ly 
decrease  with  increasing  photon  energy  above  the  2  photoionization  thresholds 
(dashed  vertical  lines  in  Fig.  7). 


Angle-  and  Spin-Resolved  Pholoelectron  Spectroscopy 
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FIGURE  7  FIGURE  8 

Pari  ty-unfavored  Sp-cd  transition  of  Parity-favored  (S-i)  and  unfavored  (S^) 
Xe;  upper  part:  reduced  dipole  5p-Ed  transition  of  Xe  and  the  corre- 

matrix  element;  lower  part:  phase  spending  phase  shifts  (il^  and  n2> 

shift  of  the  unfavored  d-transition  respectively)  with  reference  to‘the 
with  reference  to  the  phase  of  the  phase  of  the  favored  5p-ES  transition 
favored  5p-es  transition  (34)  (ti  )  in  the  autoionization  range  between 

the  two  thresholds  shown  in  Fig.  7  (34) 

Fig.  8  shows  the  corresponding  results  but  obtained  in  the  autoionization 
range  (between  the  thresholds  shown  in  Fig.  7)  by  use  of  the  experimental 
data  of  Fig.  6.  the  parity-favored  d-matnx  element  follows  the  energy 
dependence  of  the  photoionization-cross  section  showing  the  pronounced  d- 
resonance  structure  of  the  autoionization,  while  the  resonance  character  of 
the  parity-unfavored  d-matrix  element  So  is  less  dominant.  On  the  other  hand 
it  is  vice  versa  in  the  corresponding  phases,  where  the  phase-shift  difference 
of  the  unfavored  d-matrix  and  the  favored  s-raatrix  element  shows  a  more 
pronounced  enhancement  than  in  the  case  of  the  pure  "favored"  d-s  phase  shift 
difference  It  is  worth  noting  that  the  enhancement  shown  in  the  bottom 

of  Fig.  8  is  close  to  the  here  not  completely  resolved  narrow  s-autoionization 
resonance  seen  in  the  cross  section  in  Fig.  6.  This  indicates  the  importance 
of  interchannel  interactions  in  the  autoionization  region  of  xenon. 
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FIGURE  9 

Angular  dependence  of  the  spin-polarization  component  A(9)  in  the  Hg  5d  photo- 
ionization  (35) 


A  Similar  case  as  for  xenon  is  given  for  the  Hg  5d  photoioni zati on.  The 
photoelectron^spectrum  shows  a  fine-structure  splitting  corresponding  to  the 
ionic  states  ^  demonstrates  the  angular  dependence  of 

A(9)  for  a  wavelength  of  50  nm  and  the  ionic  state  (35):  the  solid 

curve  in  Fig.  9  is  the  least  squares  fit  of  the  experimental  values  yielding 
A  and  The  energy  dependences  of_A  =  *(9,^)  and  a  are  given  for  both  ionic 
states  ^{^12  (dosed  circles)  and  (“P®”  circles)  (35)  in  Figs.  10  and 

II,  respectively.  The  RRPA  calculations  (36)  (solid  curves)  which  include 
correlations  between  5d  and  6s  (8  channels)  and  uses  experimental  thresholds 
(vertical  dashed  lines)  are  in  reasonable  agreement  with  experiment.  The 
RPAE-curve  (dashed)  was  calculated  from  non-relativistic  matrix  elements  and 
phase  shifts  (35,  37)  and  is  shifted  by  2.6  eV  to  fit  the  experimental 
threshold. 
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4.  nOLECIILAR  PHOTOIOMIZATION  WITH  SPIN  ANALYSIS 


In  molecular  photoionization  one  has  to  take  into  account  that  the  intra¬ 
molecular  Coulomb  interaction  is  usually  much  stronger  than  the  spin-orbit 
interaction.  Therefore,  it  was  believed  over  a  period  of  several  years  that 
an  ESP  cannot  occur  in  the  photoionization  of  a  randomly  oriented  molecular 
beam  if  one  assumes  the  intramolecular  axis  as  quantization  axis  the  spin- 
polarization  vector  follows.  But  nevertheless,  pronounced  ESP  effects  have 
been  found  (8)  in  the  pnotoi on i zat i on  of  randomly  oriented  halogen  molecules 
by  unpolarized  radiation.  Both  cases  discussed  for  atoms  exist  for  molecular 


photoionization,  too.  Tig.  12  shows  m  the  lower  part  the  spin  parameter  "  for 
photoeiectrons  leaving  Br^  (squares)  and  I^  (circles)  in  their  I  ionic 
slate,  where  neither  the  ground  neutral  nor  the  final  loi  ic  ‘.tate^has  any 
fine-structure  splitting.  The  spin  polarization,  which  occurs  close  to  the 
photon  energy  where  the  cross  section  (Tig.  12  upper  part)  strongly  decreases, 
IS  analogous  to  the  well  known  Fano  efTect  (1)  in  s-subshell  ionization  of 


alkali  atoms.  There  the  dynamical  spin  parameters  are  direct  measure  for  the 
evidence  of  the  Spm-orbit  interaction  in  the  continuous  spectrum. 


Ionizing  a  '-orbital  of  halogens  yields  photoelectron  spectra,  which  show 
a  spin-orbit  fine-structure  splitting  corresponding  to  the  ionic  total  angular 
momentum  3''2  and  1,'2  as  in  the  raro-gas  analogon.  The  behavior  of  spin  polar¬ 
izations  and  photoelectron  intens:ties  for  the  outermost  orbitals  of  Br^. 

!^,  CHjBr,  and  CH^l  is  the  most  striking  example  studied  m  atomic  and 
molecular  photo  ion i /at  ion  with  respect  to  the  fact  that  photoelectron  intensity 
daia  follow  a  certain  theoretical  p-ediction  (38)  -  m  our  case  *'he  non- 
re  lal  iv  ist  ic  model  neglecting  the  influence  of  the  spin-orbit  interaction 
on'Q  the  molecular  continuum  stales  -  whereas  spin  pol ar i za t i ens  do  not. 

Fit’,.  13  summarizes  all  experimental  ratios  of  the  spin  parameter  ’,  the 
asymmetry  parameter  (8)  and  the  partial  cross  section  0  (39)  for  the  spin- 
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FIGURE  12 


till  results  of  the  spin  parameter  ■’  for  photoeiectrons  leaving  Br 
and  1  (circles)  their  h  states  (8)  in  comparison  with  the 

'k  6 


2 


■’  'I'  sounding  par'ial  cross  sections  0  (39)  (Br^  dash.ed.  '  solid).  The 
-1 1  indicate  the  adiabatic  ionization  thresholds 
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FIGURE  13 

Co-iparison  of  the  ratios  of  the  spir.  parameter  asymmetry  parameter  ^ 
and  pai'tial  photoionization  cross  section  0  (39)  (for  only)  with  the  non- 
relat lyTStic  predictions  (38)  (chain  lines)  for  photoelectrons  from  the  outer¬ 
most  orbitals  of  Br^.  CH^Br,  and  CH^I  (squares,  circles,  triangles,  and 
diamonds,  respectively).  The  results  correspond  to  photon  energies  of  16. S5 
and  21.32  eV 
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or'bit  components  of  these  lone-pair  orbitals.  In  all  cases  the  ratio  of  .* 
agrees  with  the  theoretical  prediction  of  +1  and  the  branching  ratio 

(for  only)  is  also  identical  to  the  statistical  value  over  the  energy  range 
outside  the  threshold  region.  In  contrast  to  this  behavior  of  the  differential 
cross  section,  the  ratios  of  the  spin  parameters  show  a  significant  systematic 
oeviation.  while  ‘•3/^''^'']/;?  dose  to  -1  for  CH^Br  (triangles)  and  not  far 

from  -1  for  Br^  (squares),  it  is  zero  for  (circles),  and  tends  to  -2  for 
CH^I  (diamonds).  In  contrast  to  the  cross  sections,  the  spin  polarizations 
are  very  sensitive  to  any  phase  shift  of  the  continuum-wave  functions  induced 
by  the  spm-orbit  interaction.  This,  however,  is  stronger  for  heavier  atoms 
?'■?  molecules  than  for  lighter. 
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5.  ANGLE-RESOLVED  P. :0T0ELECTR0N  SPECTROSCOPY  WITH  A  TREE  ORIENTED  MOLECULE 


An  experiment  of  angular-resolved  photoelectron  spectroscopy  of  free  orien¬ 
ted  CH^I  molecules  has  been  performed  for  the  first  time  very  recently  (9). 

As  indicated  in  the  schematic  diagram  of  the  apparatus  used  shown  in  Fig.  14 
CH^I  molecules  in  a  supersonic  beam  have  been  oriented  with  respect  to  the 
molecular  axis  parallel  to  an  external  field  by  use  of  an  electric  hexapole 
in  a  "Stern-Gerl ach"  type  analogous  experiment.  The  oriented  molecules  have 
to  be  brought  from  a  region  of  high  electric  fields  (10^  V/cm  in  the  hexapole) 
to  very  weak  fields  (0.3  V/cm)  in  order  to  study  the  photoelectron  emission 
angular  and  energy  resolved.  To  avoid  deorientation  this  has  been  performed 
by  means  of  a  buffer  field  and  a  guiding  field  of  slow  decrease  of  the  local 
electric  field  (9).  The  photoelectrons  ejected  by  vuv  radiation  from  the  lone- 
pair  orbital  at  the  iodine  atom  show  a  pronounced  asymmetry  in  intensities 
depending  on  whether  they  are  emitted  parallel  or  antiparallel  to  the  intra¬ 
molecular  axis.  If  the  methyl  group  is  directed  toward  the  electron  spectro¬ 
meter,  a  photoelectron  current  I  is  detected,  if  the  iodine  atom  is  directed. 


a  current  I  as  shown  in  Fig.  15.  Fig.  16  shows  the  asymmetries  I  /I  measured 
for  both  spin-orbit  components  in  the  photoelectron  spectrum  and  for  two  vuv 
photon  energies  (Nel  and  Hel  light)  as  function  of  the  focussing  voltage  in 
the  hexapole  (9).  The  hights  of  the  full  points  with  error  bars  are  roughly 
proportional  to  the  degree  of  molecular  orientation  which  has  been  estimated 
to  be  between  0.24  and  0.40.  Comparing  this  degree  of  orientation  with  the 
asymmetry  ratios  found,  the  forward/bacxward  photoelectron-emi ss i on  asymmetry 
parallel  to  the  molecular  axis  must  be  a  pronounced  effect  for  a  complete 
orientation  of  the  molecules. 


Angle-  and  Spin-Resolved  Pholoelectron  Speeiroscnpy 
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FIGURE  16 

Lxper imenta 1  results  of  the  intensity  asymmetry  of  photoelectrons  emitted 
angular  resolved  parallel  or  antiparallel  to  the  molecular  axis  of  a  free 
oriented  CH^I  molecule  (full  points  with  error  bars).  The  open  points  and 
the  dashed  areas  represent  the  corresponding  results  with  a  randomly  orien¬ 
ted  molecular  beam  showing  the  apparatus-related  asymmetries.  (9) 


6.  PHOTOEMISSIOfJ  FROM  ATOMS  ADSORBED  ON  SOLID  SURFACES 

Using  circularly  polarized  synchrotron  radiation  at  BESSY  spin  polarized 
photoemi ssion  from  the  valence  orbitals  of  Xe  and  Kr  atoms  physisorbed  on 
the  Pt(lll)  single-crystal  surface  has  been  studied  for  normal  light  incidence 
and  normal  (arigulai  resolved)  emission.  Two  spin-resolved  photoemi  ss  i  on  spectra 
(6)  are  shown  in  Fig.  17  for  Kr  and  Xe  monolayers  adsorbed  on  Pt(lll).  The 
peak  at  lowest  binding  energy  (1)  has  nearly  complete  negative  spin  polar¬ 
ization  and  corresponds  to  the  p^y^jm  |  =  3/2  hole  state  of  the  rare  gas  atoms, 
whereas  peaks  2  and  3  are  highly  positive  polarized  (im  |  =  1/2).  These  polar¬ 
ization  values  quantitatively  correspond  to  the  experimental  results  in  the 
gas  phase  (Fig.  2  middle  part,  0  =  0)  except  that  for  free  atoms  there  is 
no  energetic  splitting  of  the  m  substates.  These  spi n-pol an zat i on  results 
confirm  experimentally  the  peak'^assignment  proposed  in  the  literature  (40) 
as  shown  in  Fig.  17  including  that  the  m  splitting  is  caused  by  lateral  Xe-Xe 
1  n  torac  1 1  ons. 

fig.  18  gives  two  examples  of  sp i n-pol an zat ion  data  obtained  for  the 
different  peaks  in  Fig.  17  plotted  as  function  of  the  photon  energy  for  an 
inrommensurate  hep  and  a  commensurate  v'3  layer  of  Xe.  The  polarization  shows 
riroco  meed  resonance  structures  which  partly  correspond  with  structures  of 
it'  [)h(it  oel  PC  f  ron  intensities  measured  and  shown  in  the  upper  part  of  Fig.  18. 
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FIGURE  17 

Spin-resolved  photoelectron  spectra  of  Kr  and  Xe  monolayers  at  full  coverage 
on  Pt(lll)  in  normal  photoemission.  Upper  part,  intensities  scattered  into 
two  counters  of  the  Mott  detector  as  full  and  open  circles.  Lower  part, 
photoelectron-spin  polarization  obtained  from  the  count  rates  in  the  upper 
part,  normalized  to  a  complete  circular  photon  polarization  (6) 
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FIGURE  18 

Of’ '  r' j.ri  1  it-'r-' 1 1. 1 0^  ('jpper  pa>'t)  anri  spin  polaruations  (lower  part) 

‘  ti"  /t.  aUsc'Da ;  e  rn'otoeruss  ion  peaks  (noma)  emission)  as  function  of  the 
■■■1-.. v_-r>s  for  hrp  (  ■  nconii'iens'jra to  layer)  and  the  .-7  commensurate  layer. 

■■■  i  '.’"e  numlici'oc  .vitf'in  increasing  binding  energies  (vertical  dashed 

■■  ,  .  r  ;  I, .  1,1, .  .ire  gas  hole  states  ■2‘  i  •'2' 

'•  ■■  ■  '.  ■  >  u-i  ,rns  whir”  are  discussed  in  more  detail  elsewhere  (6,  41),  may 
...;>tl,  due  to  a'omir  effects  like  auto  ion  i  cat  i  on  resonances  (the  spin  para- 
''•.■.ur„  ot  free  >onor.  atuns  measured  in  comparison  with  theoretical  curves 

pi  ot  olOM  .’at  icn- cross  section  are  shown  in  Fig.  6)  or  Cooper  minima 
I  d  I-  !o  typical  surface  effects  like  electron  diffraction  patterns  or  reson- 
jni.  •<  iiuiuced  by  t!ie  surface  barrier.  It  is  worth  noting  that  angular  resolved 
[••ol^en'ssion  from  the  clean  substrate  Pt(  I)  I )  yields  polanced  photoo  1  octroi. s 
US  rccontly  stl.dii.’d  at  BESSY  using  circularly  polarited  synchrotron  radiation 
f  f.  4>  i.  In  order  to  get  higfi  degrees  of  polarisation  one  has.  at  shown  m 
'ig.  19  iipper  Purl,  to  resolve  the  fine-structure  splitting  m  the  pliot oe  1  ec ■■ 

:  r u.n  spectra,  as  in  the  atomic  photo i on i cat  ion  discussed.  Peak  one  and  two 
r  i  ,e  [hP  of  oPi-osire  sign  corresponding  to  optical  transitions  from  valence 
ninils  'j‘  di'fe'C-ni  svmnietries.  Thus,  the  ESP  results  allowed  to  perform  a 

r  y-reso .  ved  band  itiappinp,  of  trie  electronic  structure,  fig.  19  also  s'lows 
if, it  ti.e  ('..P  strongly  depends  upon  the  temperature  of  the  crystal  d.ic  to 
jP  I '  ■  d- 1  <u':'-nt  (  1  ticl  as  1 1  c )  background  effects  (42),  Allhougii  some  aioi-ic 
nfior,'.  II-  .l-c  t.idrien  in  the  pholoem  i  ss  i  on  of  a  nonmagnetic  solid,  a  delaili  i 
|■',■l‘■'.•.  s.f  soi  id-state  properties  is  out  of  the  scope  vjf  tins  .i-ticle 

g. '  V'  l-,  ‘i-ni.  for  r,  ulsewhore  (41). 
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FIGURE  19 

Photoelectron  spectroscopy  of  Pt(ni)  using  circularly  polarized  radiation 
in  normal  incidence  and  normal  photoemission  (42):  Upper  part:  photoelectron 
spectrum,  energy  with  respect  to  the  Fermi  energy;  Lower  part;  dependences 
of  the  ESP  upon  the  crystal  temperature  for  the  first  two  peaks 
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7  c  ,ic00K  AND  ACKMOWLEDGEMENT 

It  is  the  purpose  of  the  angle-  and  spin-resolved  photoelectron  spectroscopy 
to  find  a  set  of  non-redundant  experimental  data  which  characterize  the  photo¬ 
effect  quantummechanical ly  completely.  This  has  been  shown  for  atoms  success¬ 
fully.  To  build  a  quantitative  bridge  from  the  free  atoms,  via  the  free 
randomly  oriented  molecules,  via  the  atoms  adsorbed  and  the  free  oriented 
molecules  up  to  the  three  dimensional  crystal  will  be  the  main  topic  of  the 
angle-  and  spi n-resolved  photoemission  studies  in  the  future.  Thus  atomic 
physics  can  become  an  applied  method  to  study  and  to  understand  more  compli¬ 
cated  systems  like  condensed  matter.  There  is  no  doubt,  that  correlation 
effects  studied  in  details  for  atoms  play  an  important  role  there,  too. 
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ments  performed  and  many  intensive  discussions.  Support  by  the  BMFT,  DFG, 
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ALIGNMENT  AND  ORIENTATION  OF  ATOMIC  OUTER  SHELLS  INDUCED  BY  ELECTRON  AND 
ION  IMPACT:  SOME  RECENT  DEVELOPMENTS  AND  REMAINING  PROBLEMS 
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Alignment  and  orientation  of  atoms  in  collision  experiments  with  planar 
symmetry  have  now  been  studied  for  about  15  years  and  close  to  500  papers 
have  been  produced,  mainly  devoted  to  S+P  excitation.  Despite  the  large 
variety  of  electron-atom,  ion-atom  and  atom-atom  collision  systems  consi¬ 
dered,  a  unified  framework  for  description  of  these  phenomena  is  now  emer¬ 
ging.  This  framework  is  a  generalization  of  the  original  ideas  of  Macek 
and  Jaecks  and  is  based  on  consideration  of  symmetries,  conservation  laws, 
etc.  The  key  parameters  are  directly  related  to  the  shape  and  dynamics  of 
the  charge  cloud  of  the  excited  electron  as  well  as  to  experimental  observ¬ 
ables.  A  brief  review  is  given  of  this  framework,  and  some  current  pro¬ 
blems  and  prospects  for  the  future  are  discussed. 


1.  INTRUDUCTIUN 

The  field  of  alignment  and  orientation  in  atomic  collisions  is  devoted  to 
the  study  of  the  shape  and  dynamics  of  the  electronic  charge  clouds  excited  in 
a  collision  process.  Obviously  this  kind  of  information,  most  effectively  ob¬ 
tained  from  experiments  with  planar  symmetry,  provides  a  much  more  severe  test 
of  our  understanding  of  the  excitation  mechanisms  than  determination  of,  say, 
a  probability  or  a  cross  section  for  excitation.  As  will  be  detailed  below, 
in  favorable  cases  a  complete  determination  of  the  quantum-mechanical  state  of 
the  system  may  be  obtained,  thereby  providing  a  so-called  "perfect  scattering 
experiment,"  the  most  fundamental  level  at  which  experiment  and  theory  can  be 
compared.  The  shape  and  dynamics  are  expressible  in  dimensionless  parameters 
based  on  relative  measurements,  thereby  eliminating  the  otherwise  often  ser¬ 
ious  problem  of  accurate  determination  of  absolute  units.  Furthermore,  they 
may  be  very  sensitive  to  details  in  the  theoretical  description  in  cases  where 
the  cross  sections  show  only  minor  variations. 

At  previous  ICPEAC's  several  symposia  {l,Z)  review  papers  (3,4)  and  pro¬ 
gress  reports  (5),  and  a  large  number  of  contributed  papers  have  dealt  with 
various  particular  aspects  of  this  field.  The  Data  Center  of  the  Joint  Insti¬ 
tute  for  Laboratory  Astrophysics  is  currently  undertaking  a  critical  review  of 
this  whole  flourishing  field,  restricted  to  excitation  of  outer  shells  of 
atoms  in  planar  scattering  experiments  using  unpolarized  beams.  During  this 
review  several  parallel  lines  of  thought  within  the  otherwise  traditionally 
separated  fields  of  electron-atom  and  atom-atom  collisions  became  evident.  In 
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particular  a  unified  framework,  or  language  for  description  of  these  phenom¬ 
ena,  is  developing  though  several  “local  dialects"  still  exist  and  prohahly 
will  persist,  partly  due  to  differences  in  nature  of  the  underlying  physics 
for  specific  problems.  Below  we  shall  first  try  to  summarize  this  framework, 
mainly  concentrating  on  S+P  excitation  to  which  about  95%  of  the  literature  is 
devoted.  Then  some  selected  current  problems  will  be  discussed  within  this 
framework  and  conclusions  drawn  concerning  areas  wher^  future  efforts  might  be 
most  fruitfully  concentrated.  The  discussion  will  be  restricted  to  excitation 
of  states  decaying  by  photon  emission,  though  most  of  the  ideas  can  be  easily 
modified  to  include  electron  emission  as  well,  cf.  Niehaus  (6). 


2.  FPAMEWOPK 

2.1.  Coordinate  frames,  basis  functions,  symmetries  and  time  scales 

In  an  experiment,  the  collision  plane  is  determined  by  e.g.  the  two  direc¬ 
tions  of  incoming  and  outgoing  particles,  thereby  fixing  the  scattering  angle. 
Excitation  processes  corresponding  to  this  scattering  angle  are  then  studied 
by  analysis  of  either  the  polarization  properties  or  the  angular  distribution 
of  the  secondary  photons  emitted  when  the  excited  state  decays,  detected  in 
coincidence  with  the  scattered  particle,  or,  in  time  reversed  experiments, 
analysis  of  the  scattered  particles  as  function  of  the  polarization  properties 
of  the  laser  light  used  to  prepare  the  target  atoms  prior  to  the  collision. 
These  procedures  are  detailed  in  recent  reviews  (7-9),  so  we  shall  just  brief¬ 
ly  outline  the  principles  here. 

Since  the  symmetry  properties  of  the  force(s)  determining  the  excitation 
and  time  evolution  of  the  charge  cloud  will  be  seen  to  play  an  essential  role, 
we  shall  recall  the  symmetry  properties  of  the  three  eigenstates  corresponding 
to  a  P-level,  neglecting  at  first  the  effect  of  fine  and  hyperfine  structure, 
which  will  be  included  later.  The  upper  panel  of  Fig.  1  shows  the  angular 
parts  of  the  charge  clouds  for  the  so-called  "atomic  physics  basis"  f|p+i), 
|p-i).  |Po))i  with  (pm)  labelled  according  to  the  magnetic  quantum  number  M. 
Here  we  quantize  along  the  axis  perpendicular  to  the  collision  plane  since 
this  choice  simplifies  the  subsequent  mathematical  description  considerably. 
The  lower  panel  of  Fig.  1  shows  the  alternative  "molecular  physics  basis"  cor¬ 
responding  to  real-valued  wave  functions  (|Px),  |Py).  |Pz))>  describing  p- 
orbitals  along  the  three  coordinate  axes.  The  state  |po)  =  (p^)  has  negative 
reflection  symmetry  with  respect  to  this  plane,  while  the  other  ones  have 
positive  reflection  symmetry. 

Notation  for  ci rcularl y  polarized  light  varies  in  the  literature.  We  here 
use  the  definition  of  classical  optics  (10),  which  uses  the  term  left  hand- 
circularly  (LHC)  polarized  light,  if  the  electric  vector  is  een  to  rotate 
counter-clockwise  when  looking  toward  the  light  source,  i.e.  LHC-photons  have 
positive  helicity.  Referring  to  Fig.  1,  decay  of  the  state  |p+i)  will  thus 
lead  to  emission  of  LHC-photons  in  the  +z  (RHC-photons  in  the  -z)  direction. 

At  this  point  it  is  useful  to  recall  some  important  time  scales: 

(i)  Tc,  the  collision  time,  during  which  the  excitation  takes  place;  ~ 
a/v,  where  a  is  a  characteristic  interaction  length  and  v  the  collision 
veloci ty. 

(ii)  rfs,  the  characteristic  time  for  the  fine  structure;  xf;  ~  l/uifj, 
where  liiofs  's  the  fine  structure  splitting. 

(iii)  Tpfs,  the  characteristic  time  for  the  hyperfine  structure;  xhfs  ~ 
l/ivpfs,  where  huf,f5  is  the  hyperfine  structure  splitting. 

cnati  *^^6  (natural)  lifetime;  x  -  1/A,  where  A  is  the  decay 
probabi  1  i  ty. 

(v)  xobs»  The  observation  time  for  an  atom  in  the  actual  experimental 
setup. 

Each  specific  situation  requires  consideration  of  these  magnitudes.  An 
atom  that  is  initially  in  an  S  state  has  positive  reflection  symmetry. 
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The  total  wave  function  describing  the  collision  event  conserves  its  reflec¬ 
tion  symmetry  with  respect  to  the  scattering  plane.  Often  fine  and  hyperfine 
forces  are  so  weak,  they  can  be  neglected  during  the  collision  so  that  the 
excitation  is  caused  by  Coulomb  interaction  only.  In  the  simple  case  where 
the  collision  partner  acts  as  a  spinless,  structureless  particle,  this  implies 
that  the  (spatial  part  of  the)  wave  function  of  the  atom  that  is  excited  pre¬ 
serves  i'-s  •■eflection  symmetry  during  the  collision.  Thus  excitation  to  a  P- 
level  can  only  take  place  to  two  of  the  three  states  of  Fig.  1:  "Out-of-plane" 
excitation  of  |po)  is  forbidden. 

After  the  collision  the  isolated,  excited  atom  may  develop  further  under 
the  influence  of  the  fine  structure  (and  possibly  hyperfine  structure)  force, 
which  does  not  conserve  reflection  symmetry  of  the  spatial  part  of  the  wave 
function,  thereby  allowing  the  charge  cloud  to  change  shape  in  time  until  the 
decay  takes  place.  We  shall  treat  these  two  regimes  --  excitation  and  time 
development  --  separately,  and  see  how  it  is  possible  to  reconstruct  the 
nascent  charge  cloud,  the  object  of  interest  to  collision  physics,  from  the 
actual  observed  radiation  pattern  and  a  knowledge  of  ifs,  i^fs,  cpat  ^nd 
fobs' 

2.2.  S+P  excitation 

2.2.1.  The  simplest  case;  Full  coherence  --  the  Poincare  sphere 

We  shall  first  analyze  the  properties  of  the  radiation  pattern  in  the 
simplest  case  in  which  the  excited  P-level  of  the  atom  can  be  described  by  a 
state  vector,  i.e.  its  coordinates  (a+i,  a.i,  ao)  in  the  basis  of  Fig.  1. 
Reflection  symmetry  conservation  implies  ao  =  0.  This  situation  may  be  en¬ 
countered  in,  e.g.,  electron  impact  excitation  of  a  He(n'P)  level. 

Figure  2(a)  shows  an  example  of  the  angular  part  of  the  P-state  electron 
density.  Three  coordinate  frames  are  shown:  (i)  the  collision  frame  (x'^.y'^. 
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Ic)  (d) 


FIGURE  2 


z^)  with  in  the  direction  l?in  of  the  incident  particles,  (x'^.z'^)  is  the 
collision  plane,  and  is  parallel  to  Itjn  *  ?out-  ^col  'S  the  scattering 
angle;  (ii)  the  natural  frame  (x'’,y'’,z'’)  with  x'^^z'^,  y'’=x'^,  z'^=y'^;  finally, 
another  convenient  frame  (iii)  is  the  atomic  frame  (x®,y^,z^)  obtained  from 
the  natural  frame  by  rotation  through  an  angle  y  around  z'^  =  z^  so  that  x^ 
parallels  the  major  symmetry  axis  of  the  charge  cloud,  which  is  also  a  sym¬ 
metry  axis  for  the  radiation  pattern.  Assuming  normalization,  a|i  +  a^ j  =  1, 
then,  apart  from  an  arbitrary  coninon  phase  factor,  the  wave  function  is  com¬ 
pletely  characterized  by  the  two  parameters  (y.Li),  where  y  is  the  al ignment 
angle  and  =  a|i  -  afj  is  the  angular  momentum,  pointing  along  In  the 

atomic  frame  the  wave  function  takes  the  simple  form 


(1) 
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Using  polar  coordinates  («,■)!)  in  the  natural  frame,  the  angular  part  T  of  the 
charge  cloud  may  be  written  as  (omitting  a  3/4ii  normalization  factor) 

T(8.^,)  =1  [1+P^cos  2(4,-Y)]sin^e  .  (2) 

Figure  2(b)  shows  a  cut  through  the  charge  cloud  in  the  collision  plane,  given 

by 

T(|  ,.j)  =  ^  [1  +  P^cos  2(i,-y)]  .  (3) 

P,  the  linear  polarization,  is  thus  a  width  parameter,  with  (l+P^j/P  and 
(1-P£)/2  determining  the  major  and  minor  axes  of  the  charge  cloud  in  the 
collision  plane. 

The  angular  correlation  pattern  of  the  photons  emitted  from  the  excited 
atoms  and  detected  in  the  collision  plane  is  given  by  (9  =  n/2) 

I($)  -  1  -  P£  cos  2(4,-y)  .  (4) 

This  pattern.  Fig.  2(c),  is  thus  identical  to  the  shape  of  the  charge  cloud, 
tq.  (3)  and  Fig.  2(b),  rotated  by  90°,  as  expected  from  the  properties  of 
electric  dipole  radiation. 

Alternatively  '  e  may  measure  the  polarization  ellipse  observed  in  the 
direction  with  a  linear  and  circular  polarizer.  Fig.  2(d),  or  equiva¬ 
lently,  the  three  Stokes  parameters  (PuPz.Pa)  defined  by 

I-P^  =  1(0°)  -  1(90°) 

I-p2  =  1(45°)  -  !(135°) 
i'Pj  =  I(RUC)  -  !(LHC) 

where  I  is  the  total  light  intensity  in  the  z'’  direction,  and  1(9)  is  the 
light  transmitted  through  an  ideal  linear  polarizer  tilted  at  an  angle  9  with 
respect  to  x^  [sometimes  one  may  find  the  alternative  notation  (n  1,02,03)  = 
(P2,-P3,l’ i)].  Evidently 

P  =  (P1.P2.P3)  =  (Pj  cos2y,  P^  sin2Y,  -L^)  (5) 

with  the  linear  polarization  P^  =(Pi2+p22)'/2  being  invariant  under  rotation 
around  Furthermore,  the  light  emitted  is  fully  coherent,  such  that  the 
degree  of  polarization 

P  °  1^1  =  (Pi^+P2^^p3^)^^^  =  (p/+l/)1/^  (6) 

in  this  case  is  unity,  and  Pj  thus  fully  determined  from  L|^. 

The  Stokes  vector  {Pi,,P5,P6)  measured  in  the  y"  direction  is  (1,0,0)  and 
adds  no  further  infonnation  in  this  case. 

A  correlation  experiment.  Fig.  2(c),  determines  (y.Pj)  while  a  coherence 
experiment.  Fig.  2(d),  determines  (y.L^).  Thus,  here,  a  coherence  experiment 
is  a  "perfect  scattering  experiment"  in  the  sense  discussed  in  the  introduc¬ 
tion,  while  a  correlation  experiment  only  determines  Pj,  leaving  the  sign  of 
undetennined.  The  parameters  used  in  Fig,  2  are  y=35°,  1^=0. R  and  P.=n.6. 
For  later  generalization  we  also  state  the  density  matrix  opin  =  ap,an''in  the 
natural  frame  (tr  p=l) 
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A  s^iccint  way  of  summarizing  this  Situation  is  by  introducing  the  Poincare 
sphere  (11),  making  use  of  the  fact  that  the  point  P  =  (Pi.Pz.Ps)  is  located 
on  a  uni;  sphere,  cf.  Eg.  (6).  Figure  3  illustrates  the  polarization  ellipse 
corresponding  to  various  points  on  the  sphere,  with  H=(1,0,0)  corresponding 
to  Ipx)  or  horizontal  linear  polarization  in  Fig.  2(d),  V=(-1,0.0)  correspond¬ 
ing  to  |py)  or  vertical  linear  polarization,  the  north  pole  to  Ip.i),  and  the 
south  pole  to  |p+i).  Two  opposite  points  on  the  sphere  correspond  to  ortho¬ 
gonal  states.  In  this  language,  a  coherence  experiment  determines  a  point  on 
the  Poincare  sphere,  while  a  correlation  experiipent  only  determines  its  pro¬ 
jection  on  the  equatorial  plane,  Pi+iP?  =  P£-e^’''’'  =  -2'oDii. 

2.2.2.  Loss  of  full  coherence 

Where  several  processes  which  are  in  principle  distinguishable  contribute, 
the  excitation  may  no  longer  be  coherent.  For  instance,  in  the  low  energy 
electron  impact  excitation  of  a  M(n2p)  level,  exchange  effects  lead  to  dif¬ 
ferent  amplitudes  for  singlet  and  triplet  scattering,  and  if  no  spin  analysis 
is  performed  before  or  after  the  collision  the  corresponding  density  matrix 
elements  have  to  be  added  incoherently.  This  situation  can  no  longer  be  re¬ 
presented  by  a  wave  function.  Positive  reflection  symmetry  is  still  conserv¬ 
ed.  The  light  emitted  in  the  +z"  direction  is  no  longer  fully  coherent  so 
that  P<1.  All  Eqs.  (2)-(7)  remain  valid.  However,  Pj  and  L^'-Ps  are  now  in¬ 
dependent  parameters.  Thus,  in  this  case  three  parameters  are  needed  to  spec¬ 
ify  the  situation  completely,  namely  (y,Lx ,P f ) .  A  correlation  experiment  only 
determines  shape  (Pj,)  and  alignment  angle  v,  but  gives  no  information  about 
dynamics  (L^),  while  coherence  analysis  still  provides  complete  information. 

2.2.3.  The  general  case 

In  the  general  case  the  assumption  for  the  atomic  wave  function  of  positive 
reflection  symmetry  only  cannot  be  maintained.  This  may  happen,  for  example, 
in  electron  impact  excitation  of  P  levels  of  the  heavy  rare  gases  for  which 
spin-orbit  effects  are  so  strong  that  they  play  a  role  during  the  collision 
(Tfs~Tc),  at  least  at  low  energies.  Equation  (7)  must  then  be  replaced  by 


0 

“-1-1 

(1  ^3 

0 

-Pl^ipp  1 

1 

0 

0 

n 

“oo 

{ 

( 

/I  \  ^ 

-  2  ' 

r  0 

0 

“00' 

1 

n 

'“-11 

0 

“-i-J 

i 

1  -Pj-iP^ 

0 

1.P3  J 

\ 

[  0 

0 

(8) 


Alignment  and  Orientation  of  Atomic  Outer  Shells 


63 


Equation  (8)  shows  the  decomposition  of  the  density  matrix  into  two  parts,  one 
having  positive  and  one  negative  reflection  symmetry.  While  Eo.  (5)  still 
holds,  Eq.  (2)  is  replaced  by 

t(9,4,)  =  (I-Pqq)  i  [l+Pj-cos  2(4,-Y)]*sin^9  +  Pg^-cos^l  .  (9) 

POO  is  thus  a  height  parameter,  the  determination  of  which  requires  observa¬ 
tion  from  a  direction  different  from  z^.  Here  and  below  we  abbreviate 
POO  =  pBo  =  P^o-  Within  the  positive  reflection  symmetry  we  define  explic¬ 
itly  P/  =  (Pi2+P22)‘/2,  1^+  =  -Pj  and  P+  =  (PiZ+p^J+pjZ)  1/2=  (p+2+l  +  ?)  1/2. 

In  the  y^  direction  the  Stokes  parameters  are  now  (P4,0,0)  with  Pi,<l.  Then 

(ItPiXl-P^) 

“00  "  4-(r-Pj)(l-P^  • 

The  angular  momentum  is  given  b/ 


(l-pQo)  =  (1- 


’00' 


(11) 


Similarly,  in  a  correlation  experiment,  determination  of  poo  requires  obser 
vations  from  at  least  two  9  angles.  The  angular  distribution  of  the  total 
intensity  is  given  by 

I(e,>)  0=  (1-Pqq)  ^  [l+cos^9-P|^cos2(*-Y)-sin^9l  +  pp(^.sin^9  ,  (12) 

replacing  Eq.  (4).  Equation  (12)  may  be  written  as 


1(0,4.)  “  B{9)[l-A(9).cos  2(.4,-y)1 


where 


A(0)  = 


( 1  ( 1  “3p qq)  ‘COS  0 


The  value  of  A  in  the  scattering  plane  is 


A(f)  =  y 


1-p 


00 


+p 


P.  <  P. 


00 


(13) 

(14) 


(15) 


i.e.,  a  smaller  amplitude  than  the  amplitude  Pj  for  the  corresponding  coher¬ 
ence  analysis  along  z”,  see  Eq.  (9).  Equation  (14)  also  implies  that 


^^4”^  ’  ^  ^"‘'00  '  (^®' 

Defini.ig  the  .-atio  R  =  A(iT/4)/A(7r/2)  one  obtains 

Poo  =  '3R-l)/(R+l)  .  (17) 

The  general  case  is  thus  desc'-ibed  by  four  parameters  (y  ,L);,P'J,P(,(,)  of  which 
the  three  first  can  be  determined  from  coherence  analysis  along  +z'’.  Hoticc 
that  one  may  still  have  full  coherence  within  the  positive  reflection 
symmetry,  P'''=l. 

The  situation  is  summarized  in  Fig.  4,  which  shows  the  shapes  of  the  charge 
clouds  and  below,  in  comparable  scales,  cuts  along  the  principal  axes  in  the 
atomic  frame.  In  both  cases  (a)  and  (b)  the  alignment  angle  is  35°  and  the 
width  parameter  0^=0. 6,  but  the  height  parameter  in  (a)  is  poo^O,  i.e.  posi¬ 
tive  reflection  symmetry,  while  poo=l/3  in  (b).  The  angular  momentum  has  no 
influence  on  the  shape,  and  P3  can  be  anywhere  in  the  region  -O.SxPuO.P,  so 
that  P'^'^l.  The  parametri zat ion  sugge'ted  above  is  a  natural  development  of 
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!,hi:  ',ei;  icldiiic.’.l  iiotlo'  init  forward  hy  tUcek  and  JaecVs  in  Sec.  ! ! '.  of  their 
f i.fid.i!,  orir,.)  I  j'd.'L'r  ()/). 

heldl.ioiis  to  l.  lil  jn-Paixai.i  pardi’ieters 
i.ljr,  I'aixdo  and  co) )  ahorators  (13)  were  the  first  to  realize  and  forrnli'n 
:  ,  n  rai  i'l.r  1  r  it  j  on  Tor  the  'jcoeral  case.  More  wc  siirii'ari;e  their  ’iathpi”a* 'cs 
.11(1  j'i.'e  relations  !■;  the  paraiT'Oters  definod  above.  An-tin  the  atonic  has’s  o'" 
:i‘j.  i  is  used,  how(;ver  this  time  ()ijanfized  alonq  z*-  -  x'’.  The  densi*y  nadric 
,ij  he  decoi. ;  osed  Into  *vm  coniionents  with  positivo  and  ncqativc  reflertion 
ey..!  ctry  witti  resiect  to  the  scattrrinn  I'lane,  expressihlo  in  terris  of  the 
stoles  ;  a  race  ter  s  in  'lie  foUowiiirj  way  (tr  - 1 ) 
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-  C  ,  C  .  C  ,  C 
COS  C  "  **^1  ~  ^11 

so  thdt 

(l-.)Oo)"Pi  ^  1  fA(3*cos  e)  -  (1+cos  c)' 

(1-Pqq)-P2  =  -2(a{1-x))^''^.cos  i  .  cos  ^ 

(l-Poo)'^3  "  A  •  sin  X 

whore  woo  =  (l-),)(l-cos  c)J2.  Here  OtA<l,  0<x<2n,  0«cosA<l,  -Ucosc<l.  We 
li'ay  require  U<as"/2  since  sgnA  has  no  physical  meaning.  Similarly  0<£<i  since 
syne  has  no  laeaning.  If  Poo‘0  then  c=0. 

2.3.  Tine  evolution  due  to  internal  forces.  Depolarization 
2.3.1.  The  effect  of  fine  structure 

When  the  col'ision  is  over,  the  isolated  atom  develops  under  the  influence 
of  Internal  forces  until  the  optical  decay.  Again,  restricting  ourselves  tn 
an  excited  ('  state,  we  shall  first  analyze  the  simplest  case  of  electron  spin 
S  =  l/2,  and  see  how  the  shaiie  and  dynamics  of  the  charge  cloud  changes  in  '■imo, 
resulting  in  a  modification  of  the  observed  radiation  compared  to  the 
unperturbed  case,  S=f). 

Consider  first  the  shape:  Referring  to  Fig.  4  it  is  most  conveniently 
analyzed  in  terms  of  the  molecular  basis  in  the  atomic  frame  ''or  wh'ch  the 
relevant  density  matrix  elements  at  the  time  of  excitation  t-P  are  given  bv 

-  )  (UF,)  ,  o^y(O)  =  i  (l-P^)  .  .d^(0)  =  n 
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which  directly  measure  the  relative  length,  width  and  height  ot  the  charge 
cloud.  The  shape  now  develops  in  time  according  to  [see,  e.g..  Ref.  (14)] 

P^/t)  =  p^^(O)  .  (G0-G2) 

=  0  *^2+1  (GQ-G2) 

where  Go  =  Go(t)  =  1  and  G2  =  G2(t)  =  l/3.[l+2  cosCwfjt)];  huf;  is  the  energy 
splitting  between  the  fine  structure  levels  ^Pi/2  and  Thus,  as  long  as 

we  assume  poo(U)  -  0,  the  height  varies  in  time  as 

Poo(t)  =  =  I  fl-cos(-a^^t)l  (18) 

1 ndupondunt  of  p^x(O)  and  o^y(O).  For  the  simple  shape  discussed  previously 
in  Fig.  2  and  Fig.  4(a)  having  Pj=0.6,  Fig.  5(a)  shows  the  (reversible)  change 
in  time  of  the  shape,  where  the  five  situations  correspond  to  'jf5t=0,  ti/2,  t  , 
3ii/2,  2i,  respectively,  showing  the  quantum-beat  phenomenon  well  hnown  in  e.g. 
beai;;-foil  spectroscopy.  Since  the  symmetry  axes  stay  fixed  in  time  the  plot 
has  been  made  for  r=0°. 

Most  collision  experiments  only  monitor  the  time  average  of  these  beats, 
i.e.  the  limit  rf;  <<  robs>  though  some  intermediate  situations,  displaying 
various  aspects  of  this  beat  phenomenon,  have  been  reported  (15,16).  Averag¬ 
ing  over  tii;ie  yields  a  charge  cloud  corresponding  to  'v^jt  =  r/2  or  2^/2  (here 
we  assuine  that  rfj  <<  rnat>  so  that  the  pattern  has  time  to  develop  before 
decay);  i.e.. 
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<4>t  =i4(°)  ^1  =  18  (1^7  p.) 

<na  ^  -  i  -  1 

^‘’zz't  ■  9-9 

thereby  modifying  the  linear  polarizations 

Pj_2(S=1/2)  =  I  .  Pj^2(S=0)  , 

provided  that  the  sum  of  the  two  fine  structure  components,  ^Pi/z  •>  ^Si/z  and 
^Pi/z  -►  ^Si/z,  is  monitored. 

The  time  evolution  of  the  angular  momentum  Lj^(t)  is  best  analyzed  in  the 
atomic  basis,  where  the  initial  conditions  are 

P^j(O)  =  \  (Irt^) 

P^l.l(O)  =  I  (1-Lj 

The  time  evolution  is  governed  by  (14) 

P|j(t)  =  j  L^-Gj  +  -j  (Gq+  ^  G^) 

=  -  i  K-'^i  ^  I  <V  7  h'' 

with  Gi  =  Gi(t)  =  l/9*[7+2  cos(ii)fst)].  Thus  the  spin-erbit  coupling  causes 
the  angular  momentum  component  along  z^  to  vary  in  time  as 

=  P^l  -  D^l.l  =  Li  .  I  (7-2  cos(u,fst)l  .  (19) 

The  photon  intensity  Ii(t)  in  the  z  direction  varies  in  time  as 

Ii(t)  «  ^  i  (7^2  cos(..^^t)l  (20) 

in  agreement  with  Eg.  (18).  Equations  (19)  and  (20)  show  that  Lt(t)  and 
Ii(t)  vary  with  the  same  amplitude,  implying  that  P3  =  (p.). 1-011)/ 
(p-i-l+Pll)  =  -Lj^  =  -Li^*  stays  constant  in  time  and  is  thus  not  affected  by 
the  fine  structure: 

03(5=1/2)  =  P3(S=0) 

So,  a  measurement  of  the  Stokes  parameters  for  a  ^P+^S  transition  allows 
reconstruction  of  the  shape  and  dynamics  of  the  charge  cloud  created  in  the 
collision  by  multiplying  the  linear  polarizations  by  a  factor  7/3,  while  P3 
is  unchanged.  The  average  intensity  Ij  =  <I|(t)>  =  7/9  is  reduced  because  of 
the  change  in  photon  angular  distribution. 

Table  1  summarizes  the  (average)  intensity  and  the  depolarization  factors 
Cl  for  circular  and  C2  for  linear  polarization  in  the  z^  direction  for  the 
cases  S=l/2  and  S=l,  including  also  the  individual  fine  structure  components. 
General  formulas  may  be  found  in  (17). 

2.3.2.  The  effect  of  hyperfine  structure 

In  analogy  to  the  fine  structure  effect,  the  presence  of  nuclear  spin 
will  cause  further  oscillatory  behavior.  We  shall  not  present  the  details  in 
general  but  refer  to  '  le  literature  (14)  and  here  just  give  as  an  example  the 
effect  of  further  adding  a  nuclear  spin  1  =  3/2.  The  effect  on  the  (Mme 
averaged)  circular  polarization  is  a  reduction  to  almost  half  the  size,  while 
the  linear  polarization  is  reduced  by  almost  a  factor  of  eight,  cf.  Table  1. 
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TABLE  1 


Transition 

'i 

'^1 

C2 

1=0;  ^2  > 

1 

1 

1 

^2  .  . 

;  |l/2 
'3/2  "  ^1/2 

719 

1 

3/7 

2/9 

5/9 

1 

1 

0 

3/5 

^2  ► 

41/54 

27/41 

15/41 

3p  *  3c 

VO  7^1 

32^  =  33I 

2/27 

0 

0 

1/4 

1/3 

1/3 

47/108 

45/47 

21/47 

I  =  3/2:  ^2  r  3$ 

209/300 

325/627 

27/209 

Fiy\ire  b  illustrates  the  effect  on  the  (time-averaged)  shape  by  subse¬ 
quently  adding  an  electron  spin  S^l/2,  (b)  (c),  and  a  nuclear  spin  1=3/2, 

(c)  »  (d),  leading  to  an  almost  isotropic  charge  distribution.  This  situation 
IS  close  to  the  case  of  the  ’^11(2^2)  state,  where,  however,  effects  due  to  a 
finite  lifetiuie,  etc.,  also  show  up  (16). 

Fine  and  hyperfine  structure  may  thus  cause  a  severe  reduction  in  roasured 
anisotropy  compared  to  the  nascent  charge  cloud,  provided  of  course  that  they 
have  time  to  develop. 

2.4.  8*0  excitation 

S>iJ  excitation  has  so  far  only  been  studied  in  a  few  cases.  A  D  state  has 
five  substales  of  which,  in  the  natural  fraire,  the  atomic  basis  states  with 
M=2,  0,  -2  have  positive  reflection  symmetry  with  respect  to  the  scattering 
,,ldric,  wtiile  M=l,  -1  yield  negative  reflection  symmetry.  In  the  simple  case 
where  llie  excitation  is  fully  coherent  and  the  system  possesses  positive  re¬ 
flection  symmetry,  three  amplitudes  (aa.ao.a-a)  thus  come  into  play,  "^be  nnr- 
liidl  iZdtion  condition  |l|=l  and  an  arbitrary  phase  factor  leave  four  real  para¬ 
meters  to  be  determined.  The  dipole  radiation  pattern  for  a  subsequent  n->-r 
decay  is  completely  determined  by  the  four  parameters  21,22.23.24  introduced 
above.  One  might  think  that  a  coherence  analysis  giving  these  four  Stokes 
parameters  determines  the  D  state  completely.  However,  this  turns  out  not  to 
he  the  case  (IB).  Though  characteristic  parameters  for  the  shape  and  dynamics 
of  tlie  charge  cloud,  like  y,  Lj^,  Pj  and  the  relative  height,  still  given  by 
Lq.  (lU),  can  be  evaluated,  analysis  shows  that  in  general  two  D-states  exist 
having  identical  dipole  radiation  patterns,  one  charge  cloud  being  the  mirror 
of  the  other  one  "in  the  (xa,z^)  plane.  Mere  x®  is  still  the  symmetry  axis  of 
the  radiation  pattern,  but  the  charge  cloud  does  not  exhibit  reflection  sym- 
■iietry  with  respect  to  this  plane  (18).  Application  of  external  fields,  which 
break  the  symmetry  even  further  and  influence  the  time  development  of  the 
ctirrge  cloud  during  the  Lime  from  excitation  to  decay,  is  necessary  in  order 
lu  distinguish  between  the  two  possibilities  (19). 


J.  PK;i  HTATli;:;  in  tCTS 

.'.e  Puil  I  new  jddress  some  central,  not  yet  resolved  problems  nf  current 
I nli  rest ,  which  .iuy  conveniently  be  discussed  within  the  fr.anewnrk  presented 
.iPu.e.  bur  ain.  is  lo  attempt  to  understand  orientation  effects,  a  feature 
for  planar  scattering  experiments. 
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3.1.  Urienldtion  in  electron-atom  collisions 

3.1.1.  Me  excitation 

Starting  out  with  the  simplest  case,  excitation  of  the  lle(2’P)  level,  a 
great  mmiher  of  theoretical  and  experimental  investigators  have  studied  this 
process  for  electron  impact  energies  around  80  eV.  The  situation  is  schera- 
lically  suRUiiarized  in  Fig.  6. 

for  scattering  angles  9,;oi=0°  and  180“  v/e  have  1^=0  and  y=0°  for  synnetry 
reasons.  For  small  scattering  angles  L^>0,  and  y  follows  the  direction  of 
i  lOiteni.ui:;  transfer,  as  predicted  by  the  First  Born  Approximation  (FRA),  while 

(F11A)=0.  goes  through  a  maxiinum  v/here  the  state  is  aln'ost  circular,  and 
froia  about  there  also  the  alignment  angle  differs  greatly  from  the  FRA  predic¬ 
tion.  tiien  decreases  and  goes  through  zero  at  some  intermediate  angle 
dp  =:U>  beyond  wiiich  the  sense  of  rotation  of  the  electron  changes.  The  shape 
j,’f roaciies  again  a  circular  state,  now  with  a  negative  angular  monentun,  wh’ch 
subsequently  is  reduced  in  size  when  approaches  180“. 

Generally  speaking,  there  is  now  reasonable  agreement  between  theory  and 
experiment  up  to  the  angle  Op  -q,  while  the  situation  beyond  this  point  is 
still  unclear,  witti  disagreements  among  the  various  theories  and  among  the 
experiiiiental  results.  And  the  qualitative  physics  behind  the  behavior  shown 
in  Fig.  b  still  needs  to  be  clarified.  One  suggestion  is  that  at  small  angles 
tile  scattering  is  dominated  by  attractive  polarization  forces,  leading  to 
Li_>0,  while  at  larger  angles  repulsive  electron-electron  forces  dominate, 
lienee  L|^<0.  However,  this  argument  alone  cannot  be  the  whole  story,  because 
calculations  for  positron  scattering  give  L.<0  at  small  angles,  although  the 
polarization  forces  are  still  attractive  (20).  Analysis  in  terms  of  Born 
series  shows  that,  in  general,  for  small  e  the  leu  ing  term  of  is  propor¬ 

tional  to  and  a  product  of  a  first  and  second  order  term,  while  at  larger 
angles  a  term  proportional  to  q"*  and  a  product  of  two  second  order  terms 
become  important,  q  being  the  projectile  charge  (20). 

Going  toward  lower  energies  whore  the  de  Broglie  wavelength  begins  to 
exceed  the  size  of  the  He  atom,  the  situation  is  even  more  unclear,  and 
wiiettier  the  picture  outline  in  Fig.  6  can  he  maintained  (21)  is  still  being 
debated.  Fortunately,  agreement  between  theory  and  experiment  is  now  very 
good  at  energies  very  close  to  threshold,  though  a  typical  data  point  here 
takes  about  1000  hours  to  measure  (22). 

One  problem  on  the  experimental  side  is  that  mainly  the  photon  pattern  of 
the  Hel  l‘S-2>f’  584  A  line,  being  in  the  vaccum  ultraviolet  (VU")  region,  has 
lieen  studied  with  correlation  techniques,  by  which  the  sign  of  Lj^  cannot  be 
directly  determined.  We  refer  to  Ref.  23  for  a  detailed  analysis  of  the  sit¬ 
uation,  and  will  here  just  sketch  an  illuminating  way  of  analyzing  the  problem 
making  use  of  the  Poincare  sphere  introduced  above.  Figure  7  shows  a  recent 
calculation  of  Madison  (24)  for  He(2'P)  excitation  at  80  eV  impact  energy, 
illustrating  quantitatively  the  behavior  summarized  in  Fig.  6. 
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Crosses  mark  5°  steps  in  6col •  The  curve  starts  out  at  (1,0,0)  for 
i3col=0°  and  then  moves  westward,  slightly  below  the  equator,  with  increas¬ 
ing  3.  In  contrast,  FBA  predicts  a  curve  restricted  to  the  equator  since 
L|(FBA)=0.  Then  it  makes  ^  loop  passing  near  the  south  pole  at  the  angle 
SL'j’ax;  Chen  a  rapid  movement  in  the  northern  direction,  crossing  the  equator 
af^  6l  lifter  an  approach  to  the  north  pole  at  it  returns  to 

the  starting  point  at  e=180°.  Why  a  study  of  angular  momentum  sign  changes  is 
[jarticularly  difficult  using  correlation  analysis  is  now  evident  when  we  hear 
in  mind  that  this  technique  only  determines  the  projection  P  i  +  iP 2=Pc"e2i''' 
onto  the  equatorial  plane,  as  shown  in  Fig.  8  for  the  curve  of  Fig.  7. 

Crosses  correspond  to  Lx>0,  i.e.  the  southern  hemisphere,  circles  to  L^fO. 

The  lower  part  of  Fig.  7  shows  that  when  Lj^  changes  from  0.5  h  to  -0.5  h, 
corresponding  to  the  region  from  30°  southern  to  30°  northern  latitude  and 
^  ®coI  The  longitude  2y  stays  almost  constant,  so  the  projection. 

Fig,  8,  varies  little. 

Thus  despite  the  fact  that  P  moves  rapidly,  the  angular  correlation  pattern 
is  almost  stationary,  as  further  illustrated  in  Fig.  9.  This  figure,  sym- 
inetric  with  respect  to  the  equator  and  based  on  Fqs.  (3),  (4)  and  (6),  shows 
the  change  in  shape  of  the  charge  cloud,  and  thereby  the  correlation  pattern 
when  moving  from  the  north  pole  to  the  south  pole  on  the  Po’ncarS  sphere. 

Some  numerical  examples  are  given  in  Table  2,  highlighting  the  difficulty  of 
studying  Lj^  sign  changes  based  on  measurement  of  Pj. 

Trapping  of  resonance  radiation  in  the  target  gas  will  tend  to  reduce  the 
anisotropy,  and  thereby  Pj,  but  leaves  the  angle  r  unchanged.  This  effect 
I. light  be  difficult  to  exclude  on  the  ~1S  level  which  is  required  (25).  So, 
though  being  difficult,  circular  polarization  measurements  in  the  VU7  range  at 
carefully  selected  angles  would  be  highly  desirable,  and  much  larger  error 
bars  can  be  tolerated  if  one  just  wants  to  determine  the  sign  unambiguously 
(2b). 

Another  way  of  exploring  this  problem  is  to  study  the  He(3ip)  level 
instead.  This  level  has  two  decay  modes,  one  leading  to  VUV  emission  (537  ". ) 
and  one  in  the  visible  (5016  A),  see  Fig.  10.  So,  here  systematic  comparison 
of  correlation  analysis  in  the  VUV  and  coherence  analysis  in  the  visible  (27) 
serves  as  a  good  consistency  check. 

3.1.2.  he,  Ar,  Kr,  xe  excitation 

Mucii  less  work  has  been  done  for  the  heavier  rare  gases,  so  little  in  fact 
tiidt  no  picture  like  Fig.  6  for  He  can  be  drawn.  Some  studies  of  the  re¬ 
sonance  levels  ne(3s,3s'),  Ar(4s,4s'),  Kr(5s,5s')  and  Xe(6s.6s')  have  been 
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TABLE  2 

-0.5 


Length  Width 


0  1.000  1.000 

1  0.995  0.9975 

0.980  0.990 

5  0.866  0.933 


0.000 

0.0025 

0.010 

0.067 


FIGURE  10 
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perforiiied,  but  more  systematic  work  is  needed.  This  series  of  levels  shows 
the  effect  at  low  energies  of  spin-orbit  coupling  during  the  collision,  lead- 
ituj  to  charge  clouds  where  poo  becomes  significant.  Also  here  VUV  circular 
pol  an  nation  i.ieasurements  are  very  desirable  to  see,  e.g.,  whether  the  small- 
angle  behavior  is  similar  to  that  for  He,  or  the  physics  is  different.  This 
has  not  been  done  yet,  but  there  are  reasons  to  believe  that  at  small  scat¬ 
tering  angles  might  have  the  opposite  sign  of  the  He(nlP)  case,  since  for 
He  a  i>  electrorris  created,  while  for  the  heavy  rare  gases  one  creates  a  p 
hole. 

a. 2.  H'rientation  in  heavy  atom  collisions 

T,,rinrig  now  to  the  topic  of  heavy  atom  collisions  we  shall  again  try  to 
ec  -l  r.o  cn  sore  directions  of  research  v/hich  fniitfully  could  be  invostina- 
'  u'l  in  the  future,  being  well  aware  that  this  might  he  a  risly  business. 

ixcitjlion  in  heavy  atom  collisions  is  known  to  take  place  in  essentially 
•wo  v.'uys:  (i)  at  short  distances  through  radial  and  rotational  coiipl'nns  a* 
■,tenLial  ci.rve  crossings  (or  approaches)  of  the  transient  quasi -mol ocul o ,  an-i 
ji)  a:  large  distances  excitation  also  may  take  place  via  direct  trans’ '■ 'ons , 
an,;  i.ni;,  appreciable  probabilities  at  velocities  where  the  Hassey  criter¬ 

ion  nr  ‘tlie  maxinuii'  rule"  is  fulfilled:  iCa/hy  ir  ,,  op  being  the  excitation 
i'rrgy,  a  the  effective  interaction  length,  and  v  the  collision  velocity  i?'’'. 
..nib:  the  orientation  ii'ay  vary  in  sign  for  mechanism  (i),  depending  on  de'-aii'; 
.1  tru.-  i  nleciilar  curves  (lo,29)  there  seems  *0  he  a  preferred  direction  of 
r'.tation  over  a  large  velocity  range  for  mechanism  (ii),  v/hich  we  shall  now 
riefly  discuss. 

Direct  excitation:  A  proi'ensity  rule  for  orient  at  i  on’ 
t.irije  impact  parameter  direct  excitation  of  the  resonance  ?-»P  transi'inrs 
.1  il-uli  or  alkali-like  atoms  in  collisions  with  rare  gases  shows  that  1.; 

1  ■,  I  c  i  sttP.t  ly  has  a  large  negative  value  in  the  region  of  inaximu'-i  excitation 

•  a '.r.i  •he  Hassey  criterion  is  fulfilled  {28,30).  To  analyze  this  prohlem  fur- 

•  i  er  v.'e  udel  the  alkali-rare  gas  system  as  a  quasi-one  electron  system,  i.e. 

I  flee,  ively  a  three-body  system  consisting  of  the  alkal'  core,  the  valence 
•'ictro'!,  utid  the  rare  gas  atom,  with  the  electronic  excitation  induced  Hy  *br 
i.m  e(. •  rnn-rure  gas  interaction  V  for  which  various  simple  .'tioriols  have  been 

pro;  ose'.l  '2c).  If  we  select  as  basis  the  set  of  three  states  consisiing  ns 
'.tie  ground  state  |s)  and  tlie  two  atomic  basis  states  jp+i)  and  jp.i)  of  Fin. 

1,  all  lidviny  positive  reflection  symmetry,  the  following  close-coupling  egiia- 
tioMs  are  obtained  tor  the  ampl i tudes  ^  =  (aj.a.i.a+i) 


i  V 


±.. 

dx 


A  A 


(31) 


w'lii  X  being  the  ;)Osilion  along  the  trajectory,  b  the  impact  parameter,  and 
H  =  (z-'  +  b"')  the  internuclear  distance 


("  *1 

c.c 

C.C. 

j 

[o 

0 

0  ) 

jexi'  -') 

0 

0 

0 

c.c.b  (221 

(-O'!’  -"i) 

0 

0 

1  ' 

.  0 

i2a 

e 

0  ). 

tlie  (x-depenrient) 

b-P 

energy 

di  f  ference. 

and  a 

the  rotation  ang'p 

of  Llie  ■nlernuclear  axis  (31).  The  valence  electron  poi-ential  V  only  en'prs 
ttirougii  M:e  common  factors  FcnlR'  describing  the  T- -P  enuplinn,  and 
describirii;  the  |['ti)  ♦»  |i’-l/  coupling,  respectively  equal  tr  “^he  matrix  elp- 
nients  (s  V  -)-  -{s  V  *)  and  (.  Vj-),  referred  to  the  body-fixed  system.  The 
ip’eri  /r  of  tile  ma'rices  de;'end  on  the  dynamics  only,  allowing  us  m,  cp  ,<(, 
p"'!:!  is’oris,  ..p-  can  now  iMsily  see  what  hap|iens.  Star*  inn  *  ht^  svs*P'' 

I'i  ‘  p-,.,nd  :P  i.e.  '1,1', IT),  one  lie's  in  firs',  order: 


I 


ex; 
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a  ,  =  -  4—  /  F  •  exp  1(4^  +  9)  dx  .  (23h) 

+  1  IV  •'  s()  '  hv 

The  driyle  t)  chanyes  by  it  during  the  collision.  Thus,  if  the  velocity  is  such 
that  the  change  in  phase  over  the  effective  interaction  length  a,  Afa/hv  v, 
then  a_i  has  a  stationary  phase  and  its  maxiinun  value  is  obtained.  For  a^  i , 
however,  the  total  phase  changes  by  2n ,  giving  a  near  cancellation  of  the 
integral,  so  that  d+ ,  is  small.  Thus  a  propensity  rule  (32,33)  for  circular 
polarization  seems  to  hold  in  the  region  of  inaximun  excitation.  To  illustrate 
the  development  of  the  circular  state  along  the  trajectory.  Fig.  11  shows  a 
calculation  for  the  Na-lle  system  (31)  at  an  energy  =  2  keV  and  impact 
parameter  b  =  2.2  a.u.  using  for  V  a  Eaylis-type  (28)  potential.  This  system 
is  particularly  interesting  since  a  study  of  the  time-inverse  process,  scat¬ 
tering  of  lie  on  laser-excited,  oriented  sodium  atoms  may  be  feasible  (34); 

Lqs.  (21)  and  (22)  predict  that  in  the  usual  geometry  the  |p_i)  state  should 
bo  easily  deexcited,  while  the  |p+i)  state  should  be  quite  stable. 


Start  ls>  Na-He  2keV  b:2  2au 


FIGURE  11. 
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FIGURE  12 


Theso  ideas  can  he  further  generalized,  admittedly  now  becoming  even  "lore 
speculative:  Inspection  of  Iqs.  (23)  shows  that  if  iE<0  then  the  roles  of 
a.i  and  a+i  will  be  interchanged.  Thus  the  situation  of  Fig.  12(a)  might  he 
possible:  Excitation  fron  an  js)  state  will  lead  to  a  |p.i)  state,  deexcita- 
lion  to  Ip+i).  Furthermore,  Fig.  12(b)  shows  another  configuration  that  might 
be  accessible;  An  atom  in  a  |p.i)  state  is  easy  to  deexcite  (to  the  S  state) 
but  iiard  to  excite  (to  the  0  state).  Changing  the  sense  of  rotation,  i.e,  *'.n 
a  |p,i)  state,  will  now  give  an  atom  unwilling  to  get  deexcited  (to  the  S 
state)  but  readily  excited  (to  D).  In  other  words,  if  an  atom  in  the  Ir.i) 
state  is  hit  on  its  left  side  [Fig.  2(d)]  it  preferably  ge's  deexcited,  while 
hitting  Its  right  side  triggers  excitation! 

To  what  extent  such  experiments,  in  v/hich  the  dynamics  of  the  active 
electron  is  Strictly  controlled,  are  feasible,  the  future  will  show. 


4.  tUIlCLUSIUNS 

We  iidve  suggested  a  common  framework  for  description  of  alignment  and 
orientation  of  atoms  excited  in  planar  scattering  experiments,  quantizing 
along  the  axis  perpendicular  to  the  scattering  plane.  Analysis  of  symmetry 
,roiierties  of  the  atomic  states  and  the  forces  responsible  for  the  evolution 
uf  the  charge  cloud  suggest  a  parametri zation  of  the  shape  (i.e.,  length, 
width,  and  height)  and  dynamics  of  the  excited  charge  cloud,  which  is  directly 
related  to  experimental  observables  as  well  as  to  the  atomic  scattering 
dril  l  itudes  and  density  matrix  elements. 

Lonsidering  the  often  very  extensive  investments  of  time  and  equipment 
needed  for  those  investigations,  one  must  carefully  consider  which  systems  are 
v/ortti  understanding.  Obviously,  it  is  worthwhile  to  see  if  we  can  understand 
tile  simplest  and/or  most  fundamental  systems  at  this  level  of  accuracy. 

Concentrat ing  on  orientation  effects  --  unique  for  planar  scattering 
geometry  --  we  conclude  that  electron  Impact  excitation  of  lie  is  now  quite 
well  understood  at  small  and  intermediate  scattering  angles  while  the  experi¬ 
mental  and  theoretical  situation  still  needs  to  he  improved  at  largo  angles. 
For  the  heavier  rare  gases,  much  remains  to  be  done  before  a  consistent 
picture  emerges.  Circular  polarization  measurements  in  the  VUV  would  be 
particularly  useful . 

For  heavy  atom  collisions  a  few  simple  systems  have  now  been  understood  in 
the  molecular  regime.  For  direct  excitation  a  propensity  rule  has  been  sug¬ 
gested,  but  it  needs  further  experimental  attention. 

In  this  short  overview  we  have  omitted  discussion  of  the  now  rapidly 
developing  field  of  application  of  spin-polarized  particles,  which  promises 
much  information  about  spin-dependent  forces  (35)  in  the  future.  Also  ex- 
,,eriments  involving  coherent  superposition  of  states  with  opposite  parity, 
usmig  hydrogen  targets  for  photon  emission  (36)  and,  e.g.,  helium  for  electron 
iM.issi'Hi  (•;)  are  interesting  new  developments. 
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:lectron  impact  excitation  of  molecules 


Sandor  TRAJMAR 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena, 
CA  91109,  U.S.A. 


1.  INTRODUCTION 

Although  a  great  deal  of  qualitative  information  has  been  generated  for 
molecules,  our  knowledge  of  cross  section  data  is  rather  meager  and 
theoretical  methods  for  calculating  cross  sections  are  not  yet  as  reliable  as 
for  atoms. 

Here,  we  are  going  to  give  a  brief  overview  on  electron  Impact  excitation 
of  molecules  with  emphasis  on  elastic  scattering,  rotational,  vibrational  and 
electronic  excitations.  A  few  general  remarks  on  disscciation  and  ionization 
will  be  made.  Recent  developments  in  the  electron-photon  coincidence  area 
will  be  mentioned  only  for  completeness.  Practically  no  cross  section  data 
are  available  for  inner shell  excitations  and  for  electron  collisions  with 
excited  molecules.  We  will  briefly  discuss  presently  used  experimental 
techniques  and  difficulties  related  to  cross  section  measurements,  su!-v,iy 
available  differential,  integral,  momentum  transfer  and  total  electron 
scattering  cross  section  data,  and  compare  experimental  and  theoretical 
results  in  the  near  threshold  to  few  hundred  eV  impact  energy  range. 

There  are  several  complications  associted  with  quantitative 
characterization  of  electron  molecule  collision  processes.  In  gc  leral  a  very 
large  variety  of  reactions  can  take  place  as  the  result  of  electron-molecule 
collision.  For  example,  excitation  of  an  electronic  state  can  be  accomp  .lied 
by  various  combinations  of  rotational  and  vibrational  transitions  or  the 
excitation  can  lead  to  dissociation  into  neutral,  positive  and/or  negative 
ion  fragments  in  their  ground  or  various  excited  states.  In  compiling  the 
energy  and  angular  dependencies  of  all  chese  processes,  we  are  faced  1th  an 
overwhelming  body  of  cross  section  data.  In  addition  the  scattering 
probablity  may  depend  on  molecular  orientation,  fine,  hyperfine,  and  magnetic 
sublevel  quantum  numbers,  the  spin  of  the  continuum  electron  etc. 
Fortunately  some  simplification  results  from  the  fact  that  we  average  over 
many  of  the  events  which  are  difficult  or  impossible  to  resolve 
experimentally.  Furthermore,  the  Born-Oppenheimer  separation  of  nuclear  anc 
electronic  motions  and  the  Franck-Condon  principle  appeacb  to  Ou  dppM.dblo  in 
most  of  the  electron  scattering  cases  (when  no  resonances  or  long  range 
forces  are  present).  Another  difficult  problem  in  cross  section  measurements 
is  related  to  the  establishment  of  the  absolute  scale  at  low  and  intermediate 
Impact  energies.  This  question  will  be  discussed  in  more  detail  below. 


2.  DEFINITION  OF  CROSS  SECTIONS 

The  quantity  thaL  characterizes  a  scattering  process  is  the  cross 
section.  Experimental  measurements  usually  do  not  yield  cross  sections  for 
the  most  fundamental  scattering  processes  (for  wfich  the  initial  and  final 
quantum  states  are  fully  specified)  but  for  a  number  si  experimentally 
Indistinguishable  processes.  In  addition,  the  measur''ng  apparatus  has  a 
finite  energy  ant  angular  resolution  and  the  measured  quantity  is  a  cross 
section  averaged  over  these  instrumental  functions.  When  cross  sections  are 
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Obtained  from  theoretical  calculations,  similar  averaging  Is  required  to  make 
a  comparison  between  experiment  and  theory  possible.  This  all  sounds  trivial 
but  In  practice,  both  experimentalists  and  theoreticians  are  frequently 
guilty  In  not  specifying  precisely  what  kind  of  cross  sections  they  are 
presenti ng. 

Most  of  the  experimental  work  have  been  carried  out  In  recent  years  In  a 
molecular-beam/electron-beam  arrangement  and  differential  cross  sections  are 
obtained  at  fixed  Impact  energies  as: 

E  £  N.  [ /f  ]  (1) 

0  1  f  *-  t 

o 

Here  n  refers  to  the  collection  of  unresol ved  channels,  Eq  is  the  impact 
energy,  and  ■:  is  the  scattering  angle  (polar  angle).  The  azimuthal  angle 
dependence  disappears  because  we  are  dealing  with  an  ensemble  of  rotating 
(randomly  oriented)  target  molecules.  The  bar  above  the  right  hand  side  term 
refers  to  the  averaging  over  Instrumental  energy  and  angular  resolution 
functions. 

Integration  of  the  differential  cross  sections  (DCS)  over  all  angles 
yields  the  Integral  and.  In  the  case  of  elastic  (n  =  0)  scattering,  the 
momentum  transfer  cross  sections: 

n(Eg)  =  2-  I  [DCS^(  )].  sin  d  (2) 

0  0 


The  total  electron  scattering  cross  section  Is  defind  as: 

(The  summation  Includes  elastic  and  all  Inelastic  processes.) 


3.  CROSS  SECTION  MEASUREMENT  TECHNIQUES  AND  DATA 

U.  Total  LlectrDn  Scattering  Cross  Sections 

There  are  three  widely  utilized  methods  for  determining  jqjIEq): 

a.  Electron  transmission  measurements 

b.  Measurement  of  electron-transm1ss1on~w1th-t1me-of-f1  Ight  analysis 

c.  Recoil  measurements 

In  addition,  some  total  cro-  sections  have  been  generated  by  Indirect 
methods  and  can.  In  certain  cases,  be  deduced  from  swarm  measurements. 

The  transmission  and  transmission  with  time-of-fl Ight  methods  have  been 
extensively  used  In  recent  years  for  determining  highly  accurate  (-1-31*) 
total  scattering  cross  sections  ranging  from  Impact  energies  of  20  meV  to 
2,000  eV  for  a  number  of  molecular  species.  The  recoil  method  has  been 
applied  In  the  case  of  diatomic  alkali  and  alkali  halide  molecules.  Table  I 
summarizes  the  total  cross  section  data  available  since  about  1970. 

More  detailed  discussion  of  the  techniques  and  data  have  been  published  by 
Trajmar  and  Register  (1)  and  Trajmar  et  al.  (2),  respectively.  Although 
possible  in  principle,  the  approach  of  obtaining  '  TOT^^o*  '  n^^o’ 
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not  feasible  In  practice  due  to  lack  of  cross  section  data.  Total 
scattering  cross  sections  are  needed  In  modeling 


Table  I.  Summary  of  Recent  Total  Cross  Section  Data 

Molecule  Energy  Range  Method«<»  Molecule  Energy  Range  Method 

_ (eV)  - — - — - ^ - 


(a) 


H, 

0.02-2,000 

T 

0.25-1,600 

T 

0.3-8 

T 

0, 

100-1 ,600 

T 

100-1,600 

T 

LI2 

0.5-10 

R 

Na, 

0.5-50 

R 

0.5-50 

R 

Kt 

0.81-15.7 

R 

CsF 

0.69-6.81 

R 

CsCl 

0.47-15.7 

R 

H7O  0-10  T 

CD,  0.07-700  T 

N,6  O.S-10  T 

s6,  0-10  T 

H,S  0-10  T 

06s  1-8  T 

0.5-100  T 

0.036-100  T 

0.3-5  T 

F3,  0.6-50  T 


CH4 

SE 


CCl2F2»  CCl 


CCl, 


(a  IT  =  transmission; — R  = 


Total  scattering,  eiasn.-  ...a.  - - -  .  _ 

electronic  excitation,  and  ionization  cross  sections  are  shown.  Qcxc 
above  100  eV  Is  the  empirically  estimated  sum  of  all  electronic  excitation 
cross  sections  while  below  100  eV  It  refers  to  the  sum  of  the  cross 
sections  measured  for  the  excitation  of  the  six  lowest  electron  states 
(Ref.  3). 

various  plasma  systems  and  are  very  useful  for  setting  upper  limits  and  for 


FieURE  1. 
elastic  scattering. 


rotational,  vibrational  and 
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normalization  of  Integral  and  differential  cross  sections  as  will  be  pointed 
out  later. 

It  Is  Interesting  to  see  how  the  more  specific  cross  sections  contribute 
to  the  total  electron  scattering  cross  section.  This  Is  demonstrated  for  H2 
In  Fig.  1. 

3.2  Integral  Cmss  Sections 

General  Remarks;  Integral  cross  sections  could  be  obtained  by  measuring, 
over  all  angles,  the  electron  scattering  signal  associated  with  a  given 
process.  Although  some  efforts  In  this  direction  were  made,  most  of  the 
Integral  electron  scattering  cross  sections,  that  we  are  concerned  with,  have 
been  obtained  from  DCS  measurements.  There  are  two  exceptions:  optical 
excitation  functions  and  total  electron  Impact  Ionization  cross  sections.  In 
these  cases  the  photon  emission  rate  by  the  electron  Impact  excited  molecules 
and  the  total  Ion  current  can  be  measureo. 

Optical  Excitation  Functions:  Optical  excitation  functions  are  obtained 
by  measuring  the  light  emission  Intensity  between  two  quantum  states  at 
particular  wave  lengths  as  a  function  of  electron  Impact  energy.  The 
experimental  procedure  requires  quantitative  measurement  of  emission 
Intensity,  electron  beam  flux,  target  density  and  geometrical  factors  and  the 
knowledge  of  angular  distribution  or  polarization  character  of  the  emitted 
radiation.  Optical  excitation  functions  In  general  represent  electron  Impact 
Induced  photon  emission  probabilities  as  a  function  of  electron  Impact 
energy.  If  they  are  corrected  for  cascade  effects,  branching  ratios,  and 
other  competing  decay  processes,  they  become  equivalent  to  electron  Impact 
excitation  cross  sections  and  are  frequently  called  level  excitation 
functions.  If  no  correction  Is  made  for  cascade,  they  are  called  line 
excitation  functions  or  apparent  electron  Impact  excitation  cross  sections 
and  they  represent  upper  limits  to  the  true  excitation  cross  sections. 

A  large  body  of  data  Is  available  In  the  form  of  optical  excitation 
functions  In  the  visible  region  and  considerable  progress  was  made 
recently  In  the  VUV  region.  For  example.  It  was  found  very  recently  that 
the  cross  section  for  production  of  Lyman-,  radiation  In  electron  Ho 
collisions  was  Incorrect  (4-6)  and  It  had  to  be  lowered  by  a  factor  of  0.64. 
This  has  affected  a  large  fraction  of  the  VUV  optical  excitation  functions 
since  the  Lyman- (  cross  section  has  been  commonly  used  as  a  calibration 
standard.  The  availability  of  VUV  circular  polarizer  (7)  represents  a  new 
Important  capability. 

A  short  overview  on  optical  excitation  cross  sections  was  presented  by 
McConkey  (8)  but  the  field  has  not  been  critically  reviewed  for  many  years 
and  It  Is  certainly  ready  for  such  review. 

Total  Ionization  Cross  Sections:  There  have  been  no  major  developments  In 
recent  years  concerning  total  Ionization  cross  sections.  Kleffer  and  Dunn 
(91  summarized  the  experimental  techniques  and  data  on  diatomic  molecules  up 
to  1966.  For  a  recent  review  of  this  subject  see  Ref.  10.  The  situation  can 
be  briefly  summarized  as  follows.  For  Hy.  D2.  1^.  O2  CO.  NO.  CO2.  NyO,  CH^. 
SFg  and  C2H4.  the  results  of  Rapp  and  Engfand-Goloen  (11)  are  most  likely  to 
be  correct  within  the  specified  error  limits.  The  progress  In  the  last 
decade  was  mainly  In  the  sense  of  extending  the  measurements  to  other 
molecular  species  like  F2.  Cl2.  H2O.  BFj.  NH3.  UFg.  O3  and  many  hydrocarbons. 

The  Integral  elastic  scattering  and  excitation  cross  section  data  obtained 
from  electron  scattering  experiments  will  be  reviewed  under  Differential 
Cross  Sections. 

UL  Hifferentlal  Sections 

General  Remarks:  Differential  (In  angle)  scattering  cross  sections 
(DCS's)  represent  Information  one  level  more  detailed  than  Integral  cross 
sections.  These  type  of  data  are  needed  for  obtaining  momentum  transfer 
cross  sections  at  Impact  energies  higher  than  Inelastic  thresholds,  for 
stringent  testing  of  theoretical  models  In  cross  section  calculations,  and 
for  understanding  the  physics  of  scattering.  Differential  cross  sections 
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also  explldty  enter  terms  higher  than  second  order  1n  the  spherical  harmonic 
expansion  solution  of  the  Boizmann  equation  for  electrons  In  molecular  gases. 
Integral  cross  sections  obtained  by  direct  integration  of  differential  cross 
sections  are  free  from  many  of  the  deficiencies  encountered  In  measurement  of 
the  Integral  cross  section  (e.g.t  cascade  effects)  but  are  subject  to  some 
errors  due  to  the  need  for  extrapolation  of  the  measured  data  beyond  the 
experimentally  accessible  regions  (to  0°  and  180°  scattering  angles). 

The  r '.'<■*■0(11  ary  first  !r.  wttalnlng  DOS's  Is  to  generate  energy-loss 
spectra  at  various  scattering  angles  and  Impact  energies.  The  experimental 
arrangement  Is  schematically  shown  In  Fig.  2.  An  energy  selected,  well 
collimated  electron  beam  of  desired  kinetic  energy  Is  produced  and  focused  on 
the  target  molecules.  The  target  Is  either  a  beam  or  a  static  gas  sample. 


FIGURE  2. 

Schematic  diagram  for  differential  scattering  cross  section  measurements. 

Electrons  scattered  Into  a  small  solid  angle  at  a  given  scattering  angle  with 
respect  to  the  Incoming  electron  beam  are  energy  analyzed  and  detected  as  a 
function  of  energy  loss.  A  typical  energy-loss  spectrum  generated  this  way 
Is  shown  In  Fig.  3.  The  location  of  the  spectral  features  characterizes  the 
energy-level  scheme  of  the  target  and  the  scattering  Intensities  are  related 
to  the  corresponding  DCS's.  Determination  of  DCS  from  such  spectra  requires 
a  decomposition  of  'the  overlapping  structures  Into  Individual  contributions. 

A  large  number  of  studies  have  been  carried  out  leading  to  energy-loss 
spectra  e.g.  for  the  purpose  of  Identifying  optically  forbidden  excitations. 
However,  only  In  a  few  cases  have  the  energy-loss  spectra  been  converted  to 
absolute  cross  sections. 

The  general  relationship  between  the  scattered  electron  signal  and  the 
cross  section  Is  rather  complex 
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FIGURE  3. 

Electron- Impact  energy-loss  spectrum  for  H2.  The  prominent  singlet  state 
excitations  and  the  elastic  peak  are  shown  (from  Ref.  3). 

where: 

I-IEg.^E.r.)  Is  the  scattering  signal  (counts/sec)  measured  by  the  Instrument 
at  a  nominal  Impact  energy  E^,  energy-loss  AE.  and  scattering 
polar  angles  (0,41)  for  a  collection  of  processes  Indicated  by  n;  y(r)  Is  the 
spatial  density  distribution  of  the  target  molecules  (cin^);  fCE-f?)  Is  the 
olsjtrlbutlon  (both  energy  and  spatial)  function  of  the  electron  flux? 
F (Eo»Af ' » r»(l')  is,  the  response  function  of  the  detector; 

?^o(E^,AE '  )/9E-3AE'  311'  Is  the  triply  dif f erenti  al  cros^  section  for  the 

process  (1  -*  f)  with  energy  loss  AE'  at  Impact  energy  E^  and  scattering 
angle  o';  ?  Is  the  position  coordinate  of  the  Individual  scattering  points 
which  contribute  to  the  observed  signal  and  O'  and  <!>'  are  the  polar  angles  of 
scattering  from  these  points.  The  extraction  of  the  desired  cross  section 
from  Eqn.  (5)  Is  complicated.  It  requires  detailed  knowledge  of  the  target 
density  and  electron  beam  flux  distributions  and  the  overall  Instrument 
function.  The  situation  becomes  much  more  manageable  If  a  DCS  averaged  over 
the  energy  and  angular  resolution  of  the  apparatus.  Is  removed  from  the 
Integrand.  Then  the  relationship  for  the  indistinguishable  scattering 
processes  becomes 


i„(Eo.e)  =  DCS„{E^,o) 


(6) 


Here  all  the  flux,  geometrical,  and  Instrumental  functions  are  Included  In 
the  "effective  scattering  path  length"  which  can  be  obtained  by  the 
appropriate  Integrations.  The  values  of  the  "effective  scattering  path 
length"  could  be  calculated  at  each  Impact  energy  as  a  function  of  the 
scattering  angle  and.  therefore,  the  absolute  values  of  the  DCS  can.  In 
principle,  be  obtained.  At  high  Impact  energies  Lassettre  and  Bromberg 
determined  the  effective  path  length  experimentally  and  produced  absolute 
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elastic  cross  sections  this  way.  At  low  Impact  energies  this  procedure 
becomes  hopeless.  It  Is  very  difficult  to  measure  these  parameters 
accurately  and  even  more  difficult  to  keep  them  constant  during  the  entire 
measurement.  An  easier  and  more  reliable  procedure  Is  to  measure  relative 
cross  sections  and  normalize  them  by  other  methods.  Let  us  now  summarize  the 
various  methods  by  which  absolute  cross  sections  can  be  generated. 

One  approach  to  normalization  utilizes  total  electron  scattering! 
excitation!  and  ionization  cross  sections.  The  Integral  elastic  cross 
section  Is  obtained  from  the  expression 


■'o  "  '’tot  ■  ‘’INEL  '  '-TO I  ■  =EXC  ' 

and  Is  used  to  normal  Ize  the  relative  experimental  elastic  data!  which  In 
turn  can  be  used  to  normalize  the  Inelastic  data.  Total  cross  sections  can 
be  measured  with  1-3*  accuracy  and  have  recently  become  available  for  a  large 
number  of  molecules.  The  Ionization  cross  section  Is  usually  available 
to  an  accuracy  of  about  5*.  The  total  excitation  cross  section!  Is 
usually  not  available!  but  can  bei  at  low  energies/  estimated  with  acceptable 
accuracy.  At  higher  Impact  energies/  'JgxQ  Is  comparable  to  the  other 
quantities  In  Eq.  (7)  and  the  estimation  accura;y  will  greatly  Influence  the 
cal  Ibratlon. 

High-energy  and  low-angle  electron- Impact  measurements  have  been  used  to 
generate  optical  f-values  by  extrapolation  of  the  generalized  oscillator 
strength  f“(K)  to  zero  momentum  transfer  (K).  This  Is  the  basis  of 
generating  optical  absorption  and  photoionization  data  by  electron  Impact 
techniques.  One  can/  however/  reverse  the  procedure  and  utilize  available 
optical  f-values  to  normalize  relative  generalized  oscillator  strengths  which 
were  obtained  from/  and  are  equivalent  to,  the  experimentally  measiy-ed 
Inelastic  DCS.  This  Is  usually  performed  by  plotting  the  relative  f“{K> 
against  K^/  observing  the  small  Kr  tendency  In  the  curve  and  extrapolating  to 
K  =  0.  The  problem/  however/  Is  that  for  an  Inelastic  process  the  momentum 
transfer  Is  finite  even  at  zero  scattering  angle  and  the  extrapoltlon  to  the 
zero  limit  Is  unphysical.  An  other  problem  Is  that  the  most  Important  points 
In  this  extrapolation  are  the  low-angle  XS  points/  which  are  experimentally 
the  most  uncertain.  This  uncertainty  In  the  low-angle  data  arises  mainly 
from  the  Interference  of  the  parent  electron  beam/  and  the  rapid  change  of 
the  DCS  and  the  effective  path  length  with  scattering  angle  at  small 
scattering  angles. 

Optical  excitation  functions/  If  properly  corrected  for  cascade/  can  also 
be  used  to  normalize  selective  Integral  electron- Impact  excitation  cross 
sections.  Since  absolute  optical  excitation  function  measurements  face  most 
of  the  problems  one  encounters  in  absolute  electron-impact  cross  section 
measurements  and  more/  this  normalization  procedure  Is  not  very  practical. 

In  principle/  theoretical  calculations  could  also  serve  as  the  basis  for 
normalizing  relative  cross  section  data.  In  general/  however/  the 
theoretical  calculations  have  not  been  accurate  enough  for  this  purpose. 

The  roost  practical  and  reliable  method  for  normalizing  elastic  scattering 
cross  sections  Is  the  "relative  flow"  technique.  In  this  approach  one 
measures  relative  elastic  scattering  Intensities  for  the  gas  In  question  with 
respect  to  He  under  "Identical  experimental  conditions".  On  the  basis  of 
Eqn.  (6)/  the  relative  Intensities  are  given  as 

I(Eg.0;x)  DCS(E^,0;x)  Vf*"'^ 

KEg.eiHe)  ■  DCS(E^,e;He) 


(8) 
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He  1s  selected  as  a  standard  since  elastic  DCS  for  He  are  the  most  accurately 
known  cross  sections  and  the  Identical  experimental  conditions  cancel  the 
effective  scattering  path  lengths.  In  practice*  no  complete  cancellation  Is 
achieved  but  the  ratio  of  the  effective  path  lengths  Is  determined.  (For 
details  see  Refs.  1«  12  and  13.)  We  have  spent  a  considerable  amount  of  time 
In  our  laboratory  to  refine  this  technique  and  we  feel  that  It  can  now  yield 
cross  sections  accurate  to  about  10*  at  Intermediate  Impact  energies.  The 
major  points  of  concerns  are;  Identical  relative  density  distributions  for 
the  two  gas  targets*  accurate  knowledge  of  the  relative  gas  flow  rates* 
avoidance  of  cross  contamination*  and  the  overall  stability  of  the  apparatus 
during  the  measurement.  Once  elastic  DCS  are  determined  for  a  given 
molecule,  the  Inelastic  cross  sections  can  be  normalized  against  It.  Some 
problems  arise  at  low  (near  threshold)  Impact  energies  in  evaluating  energy- 
loss  spectra  and  converting  the  measured  scattering  signals  to  cross 
sections.  For  the  unfolding  of  Individual  vibrational  band  Intensities 
associated  with  an  electronic  transition  from  an  energy-loss  spectrum*  we  can 
no  longer  assume  (as  at  higher  Impact  energies)  that  the  relative  scattering 
intensities  of  these  bands  are  given  by  the  Franck-Condon  factors.  The  rapid 
change  of  the  cross  section  near  threshold  now  has  to  be  considered  (since 
each  vibrational  excitation  occurs  at  a  different  energy  above  Its  own 
threshold).  This  effect  was  nicely  demonstrated  by  Ajello  and  Shemansky  (14) 
for  the  electron  Impact  excitation  of  N2.  In  addition  special  problems  are 
presented  by  the  low-energy  background  electrons  and  the  need  to  calibrate 
the  response  function  of  the  detector  as  a  function  of  electron  energy. 

Elastic  Scattering  and  Rotational  Excitation:  Elastic  cross  section  data* 
with  very  few  exceptions  always  include  elastic  and  rotational  excitation 
together.  In  this  composite  "vlbratlonally  elastic"  cross  section  usually 
the  true  elastic  AJ  =  0  contribution  dominates.  The  exceptions  are  high 
angle  scattering  where  AJ  =  -  2*  i  4  type  transitions  also  become  Important 
and  highly  polar  molecules  where  the  ,'J  =  -  1  dipole  processes  dominate 
especially  at  low  angles. 

The  electron  energy  and  scattering  angle  dependence  of  vlbratlonally 
elastic  electron  scattering  Is  Illustrated  In  Mg.  4  for  the  case  of  N2. 


FIGURE  4. 

Energy  and  angular  dependence  of  elastic  DCS  for  N2  (from  Ref.  15). 
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This  figure  Is  based  on  the  calculations  of  Siegel  et  al.,  (15)  and  It 
displays  the  Important  chracterl sties  of  elastic  scattering.  At  very  low 
Incident  electron  energies,  the  DCS  for  elastic  scattering  is  nearly 
Isotropic  (because  the  centrifugal  barrier  excludes  all  but  S-wave 
scattering).  As  the  Incident  electron  energy  Increases,  the  DCS  general  Iv 
becomes  more  and  more  forward-peaked  which  Is  a  manifestation  of  the  fact 

fSet  thi?  tlTe  waves  contribute  to  the  scattering  process  and  the 

fact  that  the  electron  transfers  less  and  less  momentum  to  the  molecules.  N, 
nas  the  Interesting  d-wave  shape  resonance  centered  near  2.4  eV  that 
dramatically  alters  the  general  characteristics  just  described,  and  which 
stands-out  in  this  figure.  In  the  case  of  resonances,  the  shape  of  the  DCS 
Is  determined  by  the  properties  of  the  Intermediate  Ion  state  and  does  not 
follow  the  qual Itative  arguments  that  apply  In  the  nonresonant  region. 

Figure  5  displays  the  Incident  electron  energy  dependence  of  the  measured 
integral  vlbratlonally  "elastic"  scattering  cross  section  for  a  variety  of 
molecules,  ranging  from  H2  to  SFg.  The  purpose  of  this  figure  Is  to 
substantial  variation.  In  both  the  magnitude  and  electron 
energy  dependence  of  the  Integral  cross  sections. 


FIGURE  5. 


Integral  elastic  scattering  cross  sections  (from  Ref.  12). 

Reasonably  complete  sets  of  differential  and  Integral  elastic  cross 
sections  are  available  for  H2  and  N2  Impact  energies  ranging  from  about 
0.1  to  1,000  eV.  Fragmentary  data  Is  available  for  O2,  CO,  NO,  HF,  HCl,  HBr, 

HCN,  CO2,  NyO,  SOo,  NH,,  AS4,  CH,,  C2H2,  C2H4, 
^2^6’  ^3^*8'  ^012^2'  roijF,  CCI4,  SFg  and  LlFg.  (See  Refs.  7  and  12.)  ^  ^ 

Pure  rotational  excitation  cross  section  has  been  measured  for  Hn  and 
obtained  by  unfolding  technique  for  N2,  CO  and  HoO  but  only  over  very  limited 
angular  and  energy  ranges.  (See  Refs  2  and  127). 

Vibrational  Excitation;  Electrons  are  quite  effective  In  producing 
vibrational  excitation,  particularly  at  low  impact  energies,  by  Interacting 
with  the  molecular  electron  distribution,  which  Is  coupled  with  the  nuclear 
vibrational  motion.  Especially  effective  are  the  resonance  mechanisms  for 
vibrational  excitation  which  Involve  temporary  electron  capture.  The 
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Increased  electromagnetic  Interaction  cuases  a  substantial  distortion  of  the 
molecular  charge  distribution  and  this  distortion  leads  to  efficient  energy 
transfer  Into  v  1brat_t<wa1  ^odes.  At  low  energi  es  ty  pi  cal  Integral  cross 
sections  are  about  10”^°  cm  . 

The  energy  and  angular  dependence  of  vibrational  excitation  cross  sections 
In  the  resonance  region  depends  critically  on  the  lifetime  and  the  properties 
of  the  negative  Ion  state.  Vibrational  excitations  to  high  vibrational 
levelsj  far  outside  the  Franck-Condon  region,  can  occur  through  formation  of 
negative  molecular  Ion  states  which  are  unstable  with  respect  to 
dissociation.  As  the  nuclei  fly  apart,  decay  to  the  vibrational  levels  of 
the  ground  electronic  state  takes  place  In  competition  with  the  dissociation. 
In  the  case  of  polyatomic  molecules  the  resonance  excitation  can  be  selective 
with  respect  to  vibrational  modes. 

The  direct  el ectron- Impact  excitation  of  molecular  vibration,  especially 
at  high  Impact  energies,  tends  to  approximate  the  '.v  =  1  selection  rule. 
These  d1 rect-excl tatl on  Integral  cross  sections  are  of  the  order  of  10”^° 
cm^,  change  smoothly  with  Impact  energy  and  are  usually  forward  peaked. 
Excitation  to  overtone  or  combination  bands  decrease  by  about  an  order  of 
magnitude  with  Increasing  vibrational  quantum  numbers.  The  angular  behavior 
of  the  cross  sections  depends  on  the  relative  Importance  of  short  and  long 
range  Interaction  terms  and  Is  usually  similar  for  the  fundamental  and 
overtone  bands. 

Most  of  the  vibrational  excitation  cross  sections  available  are  for  H2  and 
No.  Some  fragmentary  data  exist  for  O2,  CO,  HF,  HCl,  HBr,  H2O,  H2S,  CO2, 
SO2,  CH.,  C2H^,  C2D,,  CCI3F  and  CC12F2.  (See  Refs.  2  and  16  for  details.) 

Electronic  Excitation:  In  excitation  of  electronic  states,  resonance 
mchanisms  do  not  appear  to  play  a  significant  role.  Only  core-excited  snape 
resonances  cause  significantly  Increased  cross  sections  but  then  only  over  an 
energy  region  which  Is  small  (a  few  electron  volts)  compared  to  the  energy 
region  over  which  direct  excitation  Is  effective. 

largest  cro^s  sections  foi  electronic  excitation  are  associated  with 
optically  allowed  transitions  at  Intermediate  Impact  energies  (and  small 
scattering  angles).  The  value  of  these  cross  sections  Increase  gradually 
with  Increasing  Impact  energy  from  threshold  to  about  ten  times  threshold 
energy  and  then  slowly  decrease  at  high  energies.  The  angular  distributions 
are  forward  peaked  and  this  character  becomes  more  enhanced  with  Increasing 
Impact  energy. 

At  I01'  Impact  energies  (within  a  few  electron  volts  of  threshold) 
forbidden  transitions  dominate  the  energy-loss  spectre  ana,  therefore, 
represent  the  Important  cross  sections.  Particularly  significant  are  the 
spin-forbidden  processes  that  readily  occur  by  electron  exchange  and  produce 
metastable  species.  This  property  of  el  ectron- 1  mpact  excitation  has  been 
widely  utilized  to  generate  metastable  atoms  and  molecules.  Integral  cross 
sections  for  spin-forbidden  processes  rise  steeply  near  threshold,  reach 
their  peak  value  within  a  few  electron  volts  and  then  decrease  sharply  with 
Increasing  energy.  The  DCS's  associated  with  these  processes  are  nearly 
Isotropic,  reflecting  the  short-range  nature  of  the  spin  exchange  reaction. 
No  simple  characteristics  can  be  Identified  for  symmetry-forbidden 
excitations.  The  Integral  cross  sections  for  these  processes  are  usually 
smaller  than  for  optically  allowed  excitations,  reach  their  peak  value  at 
lower  Impact  energies,  and  their  DCS's  show  a  large  variety  of  behaviors. 
There  Is,  however,  a  very  unique  character  associated  with  parity-unfavored 
transitions  (r  <->■);”).  The  DCS  for  this  excitation  goes  to  zero  at  0°  and 
180°  scattering  angles  (17). 

Until  very  recently,  a  reasonably  complete  coverage  of  electronic  state 
excitation  cross  section  was  available  only  for  N2  and  some  fragmentary  data 
was  available  for  H2,  0^,  SO2  and  CH,  (see  Refs.  2  and  16).  An  extensive 
study  has  now  been  reported  for  H2  (Ref.  3). 

Excitation  to  repulsive  electronic  states  leads  to  dissociation  of  the 
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molecule.  A  large  variety  of  processes  are  possible  and  a  considerable 
amount  of  general  Information  and  cross  section  data  exist  for  dissociative 
attachment  and  for  dissociation  Into  excited  or  charged  products.  Very 
little  Information  Is  available,  howevei'.  on  dissociation  Into  neutral 
fragments.  For  recent  reviews  on  this  subject  see  Ref.  18. 

Ionization:  Differential  cross  section  for  Ionization  are  more  difficult 
to  determine  than  for  processes  discussed  so  far.  The  cross  section  now 
depends  not  only  on  the  Impact  energy  but  also  on  the  energy  and  angle  of  the 
primary  and  secondary  electrons.  Some  Investigations  for  atomic  species  have 
been  carried  out  but  no  comparable  data  exist  for  molecules.  From  a 
practical  point  of  view  the  single  (with  respect  to  the  energy  of  one  of  the 
electron)  differential  cross  sections  are  the  most  Important  quantities  while 
from  a  theoretical  point  of  view  the  multiple  differential  cross  sections  and 
angular  correlations  represent  the  most  stringent  tests  of  models  and 
approximations.  (See  Ref.  10.) 

1.1  MooifiatuiD  Tran&f.ec  Cross  Sections 

Elastic  momentum  transfer  cross  sections  at  low  energies  (below  a  few  eV) 
are  commonly  and  most  accurately  determined  by  electron  swarm  techniques. 
Beam/beam  experiments  are  mandatory  at  higher  energies.  The  swarm  and  the 
beam/beam  measurements  cover  complementary  energy  ranges  and  the  comparison 
of  the  cross  section  data  obtained  by  these  two  methods  In  the  overlapping 
energy  range  can  serve  as  an  Important  check.  For  discussions  and 
compilation  of  momentum  transfer  cross  section  data  see  References  2>  19i  20 
and  21. 

A  great  deal  of  progress  has  been  made  recently  through  detailed 
comparisons  between  the  results  of  swarm  experiments  and  experimental  and 
theoretical  cross  section  data  for  el  ectron-mol  ecul e  col  1 1slon  processes. 
Those  comparisons  make  It  possible  to  Judge  the  consistency  of  available  data 
and  allows  us  to  deduce  such  data  from  swarm  parameters.  At  the  Joint 
Meeting  of  the  4th  International  Swarm  Seminar  and  the  Inelastic  Electron- 
Molecule  Collision  Symposium  (Satellite  Meeting  of  the  XIVth  ICPEAC)»  Tahoe 
City.  California.  July  19-23.  1985  detailed  discussions  on  these  matters  were 
presented.  (See  especially  the  abstracts  by  M.  Hayashi  and  A.  V.  Phelps. 
Proceedings  pp.  0  and  6.  respectively.) 


5.  COkPARISON  OF  E)(PERIMENTAL  AND  THEORETICAL  CROSS  SECTIONS 

It  Is  Important  to  develop  theoretical  methods  which  can  reliably  predict 
electron  collision  cross  sections.  Such  methods  would  enable  us  to  generate 
e  large  body  of  cross  sec4.ions  whic*'  would  take  decades  of  exte'''<>'o 
laboratory  work  to  measure.  Especially  Important  are  calculations  for 
molecular  species  which  are  difficult  to  study  In  a  laboratory  (free 
radicals,  excited  and  corrosive  molecules).  In  addition  the  development  of 
these  methods  helps  us  to  understand  the  basic  nature  of  electron  molecule 
coll Islons. 

Comparison  of  experimental  data  with  theoretical  calculations  provides 
Information  about  the  validity  of  various  approximations  and  allows  some 
Insight  Into  the  physics  of  the  scattering  process.  The  type  of  questions 
one  should  ask  about  the  physics  of  the  scattering  processes  In  case  of 
molecules  are: 

1.  What  Is  the  role  of  nuclear  motion  In  the  scattering  process.  Under 

what  conditions  can  we  take  the  nuclei  fixed  (Adiabatic  Nuclei 
Approximation)? 

2.  Is  it  necessary  to  solve  the  complete  Laboratory  Frame  Close  Coupled  or 
Body  Frame  Close  Coupled  equations  or  do  the  Distorted  Wave.  Glauber, 
or  Born  Approximation  suffice? 

3.  What  Is  the  Importance  of  the  various  terms  In  an  Interaction 
potential;  such  as  static,  exchange,  polarization  and  absorption 
terras? 
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If'  P 1 9*  sections  for  excitation  of  the  ^  state  of  Hy  are 
compared.  The  Born  type  calculations  (22)  predict  qualitatively  correcrt  DCS 
only  at  small  scattering  angles.  The  distorted  wave  results  (23)  are  1n  good 
agreement  with  experiment  shape  wise  but  differ  In  magnitude  by  about  a 
factor  of  two.  Figure  7  shows  the  Integral  cross  sections.  The  theoretical 
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FIGURE  6. 

Differential  cross  sections  for 
the  excitation  of  the 
state  of  H2  at  20  eV  Impact 
energy.  Experimental  results: 
*,  Ref.  3;  |  <  Refs.  2  and  24. 

Theoretical  results: - >  Ref. 

22  (Born);  - ,  Ref.  22  (Born- 

Ochkur);  - -  Ref.  23  (distorted 

wave) . 


FIGURE  7. 

Integral  cross  sections  for  the 
excitation  of  the  B‘  ^  state 
of  Ho.  Experimental  data: 

*»  Ref.  3;  Refs.  2  and  24;  5^  , 
Ref.  25  (optical);  Ref. 

26  (optical);  Theoretical  results: 
+,  Ref.  27  (Born);  □  Ref.  27 
(Born-Ochkur) ;  ♦.  Ref.  22  (Born); 

■  »  Ref.  22  (Born-Ochkur);  x.  Ref. 

23  (Born);  - ,  Ref.  28  (semi 

classical  impact  parameter);  , 
Ref.  23  (distorted  wave);  o.  Ref. 

27  (2  state  close  coupling) 


results  all  fall  Into  a  group  and  ar*'  larger  than  the  group  formed  by  the 
experimental  data.  For  the  excitation  of  the  a^  ^  and  ;  states  the 
experimental  results  (3)  are  compared  with  two  state  close  coupling  (29)  and 
distorted  wave  (30)  calculations  in  Figs.  8  and  9,  respectively.  The  close 
coupling  results  for  the  a^Z*  state  are  in  good  agreement  with 
experiment  at  20  eV,  but  substantial  differences  exist  at  30eV.  In  the  case 
of  the  c^ state  the  distorted  wave  and  experimental  results  agree  shape 
wise  but  not  in  magnitude.  These  and  other  comparisons  of  various  cross 
sections  In  H2  and  N2  (12»  16)  lead  us  to  the  following  general  conclusions: 

1)  The  treatment  of  the  nuclear  motion  by  different  methods,  as  far  us 
vibrational  excitation  Is  concerned,  yields  similar  results  (with  the  same 
potentials);  2)  Exchange  and  polarization  effects  have  to  be  included  In  the 
Interaction  potential  to  get  even  qualitatively  correct  results;  3)  Born  and 
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various  first  order  theories  yield  Incorrect  angular  distributions  (although 
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FIGURE  8. 

Differential  cross  sections  for 
excitation  of  the  a^  J  state 
in  H2  at  20  and  30  eV^impact 
energies.  *>  Ref.  3  (experiment); 
A,  Ref.  29  (two  state  close 
coupling  calculation). 


FIGURE  9. 

Differential  cross  sections  for 
excitation  of  the  c^:;^  state  In 
H2  at  20  eV  Impact  energy.  *  . 
Ref.  3  (experiment);  o,  Ref.  30 
(distorted  wave) . 


sometimes  correct  Integral  cross  sections  by  accidental  cancelation  of  low- 
and  high-angle  errors);  4)  Further  Improvements  In  theoretical  methods  are 
required  before  quantativc  agreement  between  theory  and  experiment  can  be 
achieved.  For  example,  the  effect  of  Including  more  than  two  open  channels 
in  calculating  electronic  state  excitations  by  the  close  coupling  method 
would  be  very  Important. 

Recent  el ectron- photon  coincidence  measurements  on  molecular  targets  (31) 
indicate  that  Information  at  a  deeper  level  than  DCS  can  be  obtained 
concerning  electron  molecular  collision  processes.  This,  like  In  the  case  of 
electron-atom  scattering,  will  subject  the  theoretical  models  to  even  more 
stringent  tests. 
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Abstract.  The  electron-molecule  collision  time  is  usually  much  shorter 
than  the  molecular  rotational  period,  and  the  rotational  motion  may  be 
treated  adiabatically.  Then  follow  a  number  of  useful  relations  between 
cross  sections  for  different  rotational  transitions.  These  relations  are 
independent  of  the  interaction  potential  or  the  collision  dynamics.  In 
some  oases  to  be  discussed  these  relations  must  be  modified  or  abandoned. 
Most  results  apply  also  to  collisions  of  molecules  with  positrons,  atoms, 
and  ions  and  to  molecular  photoabsorption  and  photoionization. 


1.  INTRODUCTION 

An  electron  that  penetrates  molecular  gas  loses  its  kinetic  energy  by  exci¬ 
ting  the  internal  motion  of  the  molecules.  When  the  electron  energy  becomes 
low,  the  main  energy-loss  mechanism  is  rotational-vibrational  excitation  in 
electron-molecule  collisions.  Therefore,  rotational-vibrational  transitions 
are  important  in  any  branch  of  physics  in  which  the  behavior  of  secondary 
electrons  plays  a  significant  role,  e.g.,  in  the  physios  of  gas  discharges,  in 
radiation  physics  and  chemistry,  in  the  physics  of  the  earth's  upper  atmosphere 
ind  planetary  atmospheres,  and  so  on. 

In  this  article  I  discuss  our  present  understanding  of  the  physics  of  rota¬ 
tional  motion  in  low-energy  electron-molecule  collisions  in  which  rotational- 
vibrational  transitions  and  even  electronic  transitions  and  ionization  occur. 
Most  of  the  results  to  be  discussed  below  apply  also  to  positron  scattering, 
photoionization,  and'  heavy-particle  collision  with  a  molecule. 

Many  diatomic  and  linear  polyatomic  molecules  in  a  ^ I  state  may  be  regarded 
as  linear  rigid  rotators.  The  molecular  wave  function  may  be  written  as  the 
product  of  a  vibronic  (or  vibrational-electronic)  wave  function  and  a  rotation¬ 
al  wave  function  represented  by  a  spherical  harmonic  function  Y-  (ft)  of  the 
molecular  orientation  ft.  The  linear-rotator  levels  are  specified  by  two  quan¬ 
tum  numbers,  namely,  the  magnitude  j  of  the  rotational  angular  momentum  j  and 
its  projection  m  onto  a  space-fixed  quantization  axis.  The  rotational  levels 
are  degenerate  in  m,  and  rotational  transition  cross  sections  are  usually  aver¬ 
aged  over  the  initial  ra  sublevels  and  summed  over  the  final  m  sublevels.  The 
rotational  energies  are  given  by 

E(j)  =  Bj(j+1).  (1) 

B  is  the  rotational  constant,  which  is  inversely  proportional  to  the  moment  of 
inertia  of  the  rotator,  B  is  very  small,  and  is  smaller  for  heavier  molecules. 
For  example.  B=7.4meV  for  H2,  0.25meV  for  N2,  O.IVmeV  for  LiF,  and  O.OOSmeV  for 
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KI. 

Because  B  is  small,  the  rotational  level  spacings  are  small.  Therefore, 
molecules  in  a  gas  are  distributed  over  many  different  rotational  levels,  most 
of  which  being  high-j  levels.  Then,  in  a  real  molecular  gas,  transitions  from 
many  different  initial  j  to  many  different  final  j'  are  taking  place.  One  has 
to  take  all  of  them  into  account  in  discussing  physical  phenomena  occurring  in 
a  gas. 

Experimentally,  small  level  spacings  make  it  difficult  to  resolve  each 
rotational  transition.  Rotational  lines  in  electron-energy-loss  spectra,  for 
example,  are  resolvable  only  for  H2  and  its  isotopes,  and  unresolvable  for 
heavier  molecules.  This  attaches  a  particular  importance  to  theoretical  inves¬ 
tigations  of  rotational  transitions  in  electron-molecule  collisions. 

Another  aspect  of  electron-molecule  collisions  is  that  the  electron  mass  is 
much  smaller  than  the  molecular  mass.  This  leads  us  to  two  questions.  The 
first  concerns  the  small  momentum  of  a  slow  electron.  Can  an  electron  really 
give  an  enough  torque  to  a  very  heavy  molecule  and  excite  (or  deexcite)  its 
rotational  motion?  The  second  question  concerns  the  high  velocity  of  the  light 
electron  with  even  a  small  kinetic  energy.  The  electronic  motion  is  often  much 
faster  than  the  rotational  motion,  and  the  latter  is  often  separable  from  any 
other  motions.  Then,  what  physics  of  rotational  motion  emerges  from  this 
separability?  When  and  how  this  separability  breaks  down?  This  article  is 
mostly  concerned  with  the  separation  of  rotational  motion  from  vibronic  motion 
and  its  consequences  and  limitations  [1]. 

For  characterizing  the  rotational  transitions  we  often  use  the  difference 
between  the  final  and  initial  rotational  quantum  numbers  and  the  dif¬ 
ference  AE=E-E'=J(k’-k'’)  between  the  initial  and  final  electron  energies. 
These  physical  quantities  are  useful  for  practical  purposes.  For  example,  an 
electron-energy-loss  spectrum  as  a  function  of  AE  may  be  decomposed  into  dif¬ 
ferent  Aj  components  that  we  may  call  P  branch  (Aj=-1),  Q  branch  (Aj=0),  R 
branch  (Aj=+1),  and  so  on,  as  in  optical  spectroscopy.  Physically  more  rele¬ 
vant  quantities,  however,  are  the  vectorial  differences  and  q=k-k' 

between  the  final  and  initial  rotational  angular  momenta  and  between  the  ini¬ 
tial  and  final  linear  momenta  of  the  electron,  as  will  become  clear  later 
(Fig.1).  These  differences  are  the  angular  and  linear  momenta  transferred  from 
the  electron  to  the  molecule  during  the  collision. 

The  rest  of  this  section  answers  the  first  question  posed  above  on  the  small 
electron  momentum  and  rotational  excitation  of  heavy  molecules.  See  Fig.2  that 
summarizes  the  total  cross  sections  for  electron  scattering  by  several  mole¬ 
cules  measured  by  crossed-beam  experiments.  The  total  cross  sections  in  this 
figure  are  nearly  the  same  as  rotational  transition  cross  sections  except  for 
H2.  In  the  energy  region  between  1  and  20  eV  the  cross  sections  for  molecules 


(a)  Transfer  of  an  angular  momentum  to  a  linear  rotator  with  a  rota¬ 
tional  angular  momentum  j.  (b)  Transfer  of  a  linear  momentum  q  to  a  rota¬ 
tor  from  an  electron  with  a  momentum  k. 
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FIGURE  2 

Integral  cross  sections  for  scattering  of  electrons  by  several  molecules 
obtained  by  integrating  differential  cross  sections  measured  by  the 
crossed-beam  technique.  All  transitions  or  electronically  elastic  proc¬ 
esses  for  KI,  CsCl,  CsF;  vibrationally  elastic  and  0^1  vj  vibrational 
excitation  processes  for  HCN;  vibrationally  elastic  processes  for  HBr, 
CO,  CO2,  NjJ  vibrationally  elastic,  vibrationally  and  rotationally  elas¬ 
tic,  or  rotational  transition  j  =  for  H2.  See  Ref.(l),  p.147  for  data 
source.  (Taken  from  Ref.(1).) 
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those 


having  a  dipole  moment  D  of  about  10  debyes  are  of  the  order  of  10'  ,  _ 

for  molecules  with  a  D  of  a  few  debyes  are  of  the  order  of  lO'^^cm’,  and  those 
for  nonpolar  molecules  with  a  quadrupole  moment  are  of  the  order  of  10“  ° 
cm’ . 

These  cross  sections  are  huge,  and  especially  so  for  large  dipole  moments, 
due  to  the  charge-dipole  interaction  that  decays  as  r“^  at  large  electron- 
molecule  distances  r.  The  charge-quadrupole  interaction  decaying  as  r“3  plays 
a  dominant  role  in  the  absence  of  a  dipole  moment.  These  long-range  electro¬ 
static  interactions  depend  on  the  molecular  orientation,  and  give  the  molecules 
an  enough  torque  or  angular  momentum  to  change  their  rotational  motion  even  in 
the  distant  collisions.  This  makes  the  cross  section  huge. 


2.  ADIABATIC-ROTATION  RELATION  FOR  CROSS  SECTIONS 

A  typical  electron-molecule  collision  time  is  shorter  than  10“^ ^s  for  elec¬ 
tron  energies  higher  than  leV.  It  is  much  shorter  than  the  characteristic 
period  (''-10“^ ‘s)  of  molecular  rotation.  Therefore,  the  molecular  orientation 
is  almost  stationary  during  the  collision  irrespective  of  the  initial  and  final 
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rotational  angular  momenta,  unless  the  molecular  gas  is  at  extremely  high 
temperature.  Because  the  molecular  orientation  is  almost  fixed,  there  is  hardly 
any  effect  of  molecular  rotation  on  the  collision  dynamics,  and  the  cross 
section  d  0  ^^"(j^^;v,v')/d  u  for  angular-momentum  transfer  is  independent  of 
j  and  j',  though  it  may  depend  on  the  initial  and  final  vibrational  quantum 
numbers  v  and  v'  [1  ]. 

A  rotational-vibrational  transition  vj^v'j'  has  contributions  from  those 
angular-momentum  transfers  which  satisfy  the  triangular  relation  of  Fig.la. 
The  contribution  from  each  is  proportional  to  the  angular-momentum-transfer 
cross  section  and  to  the  probability  p(jj(.j')  of  finding  j'  with  a  magnitude  j' 
when  adding  j  and  with  fixed  magnitudes  j  and  Thus  it  follows  that  [1] 

do(vj-^v' j' )/dui  =  p(  j  j^O  '  )d  o  j^;v,  v' )/d!v  .  (2) 

If  the  molecular  rotational  motion  is  initially  at  rest,  i.e.,  if  j=0,  then  j' 
Hence,  the  angular-momentum-transfer  cross  section  do  ^ ( j  j^;v,v')/d  ^  is 

the  same  as  the  cross  section  for  the  transition  vO^’j^^,  and  we  have  [1j 

do(vj^v'j')/d- =  p(jj\j')do(vO-^v'j^^)/dw  .  (.3) 

The  quantum  mechanical  angular-momentum  coupling  theory  leads  to  a  probabi¬ 
lity  [2] 


p{jJti')  =  [CCjjti ' ;000) ] ’  (4) 

in  terms  of  a  Clebsch-Gordan  coefficient.  Equations  (2)  and  (3)  are  valid  also 
for  classical  collisions;  in  this  case  the  probability  p(j.i^j')  is  the  classi¬ 
cal  Clebsch-Gordan  coefficient  squared  [3,4]. 

A  virtue  of  Eqs.(2)  and  (3)  is  that  the  cross  section  is  factored  into  two 
parts,  one  being  a  known  quantity  that  is  independent  of  the  collision  dynamics 
and  the  other  being  dependent  on  the  dynamics  but  independent  of  j  and  j'.  The 
dependence  of  the  cross  section  on  j  and  j'  is  contained  solely  in  the  known 
probability  All  cross  sections  do  ( vj-'v' j  O/dw  are  expressible  as 
linear  combinations  of  those  for  the  transitions  from  the  ground  rotational 
state.  The  collision  dynamics  is  most  efficiently  studied  by  looking  into  only 
the  cross  sections  do  ( vO ->-v' j ' ) /dw  rather  than  all  the  cross  sections 
d3(vj-.v' j '  )/dw  .  Also  to  be  noted  is  that  usually  only  a  small  number  of  units 
of  angular  momentum  is  transferred  in  electron-molecule  collisions.  This 
limits  the  range  of  summation  in  Eqs.{2)  and  (3)  over  only  a  few  terms,  which 
is  convenient  for  practical  purposes. 

We  have  dealt  with  the  molecular  rotation  adiabatically,  and  have  seen  that 
the  angular-momentum  transfer  plays  a  much  more  important  part  in  rotational 
transitions  than  the  rotational-quantum-number  difference  6j. 

A  relation  of  the  same  type  as  Eq.(3)  is  satisfied  by  any  physical  quantity 
that  is  defined  by  summing  or  integrating  the  differential  cross  section,  with 
or  without  a  weight  function,  over  any  variables  or  indices  other  than  j,  j', 
and  j,;  both  sides  of  Eq.(3)  may  be  summed  or  integrated  over  these  variables 
or  indices  to  derive  an  adiabatic-rotation  relation  for  such  a  physical  quanti¬ 
ty.  The  Integral  and  momentum-transfer  cross  sections  and  the  rate  coeffi¬ 
cient,  for  example,  satisfy  a  relation  similar  to  Eq.(3). 

I  have  discussed  only  rotational-vibrational  transitions  so  far.  Equation 
(3)  applies,  however,  also  to  the  case  where  an  electronic  transition  or  ioni¬ 
zation  occurs  simultaneously  with  rotational  or  rotational-vibrational  transi¬ 
tions,  provided  that  both  the  initial  and  final  states  may  be  regarded  as 
linear  rotators. 

The  fact  that  the  incident  particle  is  an  electron  has  been  used  in  the 
derivation  of  Eq.(3)  only  to  justify  the  adiabatic-rotation  approximation. 
Equation  (3)  is  equally  valid  for  the  collision  of  a  molecule  with  any  incident 
particle  with  or  without  an  internal  structure,  if  the  rotational  period  is 
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much  longer  than  the  interaction  time  [5).  For  example,  if  the  Incident  parti¬ 
cle  is  a  photon  and  the  outgoing  particle  is  an  electron,  the  process  is 
photoionization  [6]. 

The  differential  cross  section  for  photoionization  by  linearly  polarized 
light  is  expressible  as 

do(vj->.v'j')/du)  =  <’(vj^-v'j')[1-'-B(vj»v'j')P2(cos  8)]  [5) 

in  terms  of  the  integral  cross  section  o  and  the  anisotropy  parameter  B .  The 
direction  0  ,  in  the  Legendre  function,  of  the  photoelectron  is  measured  from 
the  direction  of  polarization  of  the  light.  The  differential  cross  section 
satisfies  Eq.(3)  at  any  6  in  the  adiabatic-rotation  approximation.  Therefore, 
o  and  go  separately  satisfy  Eq.(3)  with  do/doj  replaced  by  o  or  by  go  .  One 
may  derive  from  these  relations  a  formula  that  S(vj-»v'j')  parameters  must 
satisfy.  This  formula  is  particularly  useful,  if  a  small  number  of  values 
only  contribute  to  the  cross  section,  or  if  the  j  and  j'  values  involved  are 
large  [6]. 

Drozdov  first  derived  Eq.(3)  with  the  probability  (4)  by  introdu.ing  an 
adiahatio-rotacion  theory  for  quantum  mechanical  collision  problems  [7].  Equa¬ 
tion  (3)  is  implicit  in  an  expression  for  electron-molecule  collision  cross 
sections  given,  e.g.,  by  Kara  (8)  and  by  Chang  and  Temkin  [9].  The  latter 
authors  discussed  a  special  case  of  Eq.(3)  to  which  only  one  value  of 
contributes.  Equation  (3)  for  photoionization  was  studied  by  Buckingham  et  al. 
[10]  and  by  Sichel  [11].  Fano  and  Dill  [12]  detailed  the  significance  of 
angular-momentum  transfer  in  a  more  general  context.  Discussion  of  Eq.(3)  for 
atom-molecule  collisions  was  started  rather  late  without  reference  to  earlier 
work  and  with  some  detour  (131. 


3.  APPLICATIONS  OF  THE  ADIABATIC-ROTATION  RELATION 
3.1.  High-j  behavior 

Most  molecules  in  a  gas  arc  usually  in  high-j  states  as  I  have  explained  in 
Sec.1.  I  have  also  mentioned  in  Sec. 2  that  only  small  angular  momenta  are 
transferred  in  electron-molecule  collisions.  Therefore,  a  high-j  expansion  of 
Eq.(3)  with  |Aj|  fixed  at  a  small  value  would  be  useful.  Expansion  of  Eq.(4) 
in  terms  of  inverse  powers  of  j  after  writing  j'=j+Aj  leads  to  an  expression 
[14,15] 


=  c(1t(Aj/2j)+0(j"^)),  (6) 

where  c  is  a  function  only  of  and  ioj|.  If  we  neglect  the  term  of  order  j”^, 
the  quantity  in  the  square  brackets  is  independent  of  and  may  be  taken  out 
of  the  summation  over  in  Eq,(3)*  Then,  Eq.(3)  reduces  to  a  form  [6,15] 

do(vj->v' ,  j+ Aj)/dw  =  A(v->-v';  I  Aj  I  )  [  1 +(  Aj/2j)  ],  (7) 

where  A,  which  contains  information  on  the  collision  dynamics,  is  a  function  of 
I Aj  I  but  not  of  j. 

^uation  (7)  expresses  the  cress  sections  for  the  transitions  j-^j+Aj  for  any 
high  j  in  terms  of  a  single  parameter  independent  of  j.  This  makes  it  easy  to 
take  all  rotational  transitions  into  account  to  analyze  physical  phenomena 
occurring  in  molecular  gas. 

The  two  cross  sections  d  o(  v j -vv',  j ±  |  Aj  |  )/du)  plotted  versus  j  approach  a 
value  A(v->-v';  [Ajj  )  common  to  both  as  j-*  »>,  one  from  above  and  the  other  from 
below  in  a  nearly  symmetric  manner. 

Figure  3  shows  examples  of  the  high-j  behavior  (7)  for  electron  scattering 
by  Nj  as  compared  with  the  j  dependence  of  experimental  cross  sections  (which 
have  been  obtained  by  use  of  the  technique  to  be  explained  in  Sec, 3. 3).  The 
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FIGURE  3 

Example  of  the  j  dependence  of  the  differential  cross  sections  for  the 
vibrational-rotational  transitions  ( v,  j  )  =  (0,  j  ,  j+i  j).  Scattering  of 
electrons  of  energy  E=2.27eV  by  Nj  into  a  scattering  angle  of  60  degrees. 
Circles,  squares,  and  crosses  show  experimental  data.  Curves  show  the 
results  of  the  high-j  formula  (7).  (Taken  from  Ref.(6).) 


high-j  formula  (7)  is  reasonably  accurate  oven  for  a  j  value  of  as  small  as 
five. 

3.2.  Sum  rules 

The  probability  p{oj|.j')  is  normalized  so  that,  if  summed  over  j',  it  is 
unity.  Therefore,  summation  of  both  sides  of  Eq.(3)  over  j'  leads  to  a  sum 
rule  [7,16] 

SqU)  =  do(vj->-v'j')/du 

=  Ij^do(vO->v'j^.)/da)  =  Sq(0)  =  independent  of  j.  (8) 

The  rotationally  averaged  cross  section  for  the  energy  loss  by  the  incident 
electron  is  defined  by  the  sum  over  j'  of  the  product  of  the  transition  energy 
AE  and  the  cross  section.  A  sum  rule 

Si(j)  =  fji  AE(vj-»v' j  '  )do(vjH-v' j  '  )/dai 

=  AE(vO-^v'j^,)da(vO-^v'j^)/du)  =  Si(0)  =  independent  of  j  (9) 

for  the  rotationally  averaged  energy-loss  cross  section  was  also  derived 
[14,17,18]  and  confirmed  [19).  S-jCj)  includes  negative  contributions  from 
rotational  deexcitation,  if  v'=v  and  j>0  (or  j>1  for  homonuclear  diat  .1 
The  positive  contributions  from  rotational  excitation,  however,  overcome  the 
negative  contributions;  this  is  seen  by  noting  that  S^(0)  is  positive  if  v=v'. 
The  rotationally  averaged  energy  loss  by  the  electron  is  always  positive  for 
v£v',  unless  the  electron  energy  is  too  low  for  the  adiabatic-rotation  approxi¬ 
mation  to  be  valid. 

Because  the  rotationally  summed  cross  section  SQ(j)  and  the  rotationally 
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averaged  energy-loss  cross  section  S-j(j)  are  independent  of  j,  their  Boltzmann 
averages  <Sq>  and  <Si>  are  independent  of  the  rotational  distribution  or  the 
rotational  temperature  T.  This  result  is  particularly  useful  for  applications, 
because  the  average  energy  loss  is  now  a  function  only  of  the  electron  energy  E 
rather  than  a  function  of  two  variables  E  and  T. 

The  average  energy-loss  cross  section  is  the  moment  of  AE  of  first  order. 
Moments  of  higher  orders  are  discussed  in  Ref.(5).  The  principle  of  detailed 
balance  transforms  the  sum  rules  into  those  for  the  sums  over  tho  initial  rota¬ 
tional  state,  giving  useful  information  on  transitions  to  a  specified  rota¬ 
tional  state  in  a  further  approximation  [20]. 

3.3.  Line-shape  analysis  of  energy-loss  spectra 

Rotational  transition  lines  in  energy-loss  spectra  have  been  resolved  so  far 
only  for  H2,  for  which  the  typical  line  spacings  4B  are  about  30meV,  and  for 
D2,  for  which  the  typical  spacings  are  15meV.  With  the  electron  spectrometers 
now  available  scattering  experiments  with  energy  resolution  better  than  about 
lOmeV  are  difficult.  Therefore,  many  rotational  transition  lines  for  over¬ 
lap  each  other  and  form  a  broad  feature  because  of  small  line  spacings  0.  ImeV. 
It  is  impossible  to  deconvolute  the  broad  feature  to  determine  the  cross  sec¬ 
tions  for  all  transitions  involved  in  this  feature. 

We  have  seen,  however,  that  not  all  the  cross  sections  are  linearly  indepen¬ 
dent,  Equation  (3)  usually  reduces  the  number  of  independent  cross  sections  to 
only  a  few,  and  these  cross  sections  may  be  treated  as  fitting  parameters  to 
reproduce  the  shape  of  the  broad  feature  [14,15,21).  This  line-shape  analysis 
yields  the  cross  sections  for  transitions  from  the  ground  rotational  state. 
Then,  one  may  use  them  in  Eq.(3)  to  obtain  the  cross  sections  for  all  transi¬ 
tions.  The  experimental  cross  sections  shown  in  Fig.3  were  obtained  in  this 
manner  [15].  Note  that  for  molecules  heavier  than  the  hydrogen  the  adiabatic- 
rotation  approximation  is  valid  at  collision  energies  at  which  crossed-beara 
experiments  are  possible,  i.e.,  at  energies  higher  than  about  10"^ eV. 

This  line-shape  analysis  produces  meaningful  results  on  rotationally  inelas¬ 
tic  collisions,  only  if  rotational  broadening  compared  with  the  apparatus 
function  is  clearly  observed  in  the  energy-loss  spectrum.  The  rotational 
broadening  is  appreciable  for  molecules  with  a  fairly  large  rotational  constant 
B.  For  molecules  much  heavier  than  N2,  however,  the  rotational  broadening  is 
unobservable  with  an  energy  resolution  of  about  lOmeV,  and  the  line-shape  anal¬ 
ysis  mentioned  above  does  not  work. 

Read  [22]  proposed  another  method  of  line-shape  analysis.  He  assumed  that 
most  molecules  are  in  such  high-j  states  that  cross  sections  for  a  given  lAj| 
value  are  practically  independent  of  j.  Thus  he  could  determine  the  cross 
sections  in  the  limit  as  j  becomes  large  but  not  low-j  cross  sections.  A 
slightly  improved  method  was  used  by  Wong  and  Dube  [23]  and  by  Jung  et  al.[24], 
but  it  is  essentially  the  same  as  Read's  method,  and  cannot  produce  low-J  cross 
sections  without  the  theory  discussed  in  Sec. 2.  Reference  (21)  discusses  a 
relation  between  Read's  method  and  the  method  of  this  subsection. 


4.  SCATTERING  AMPLITUDE  IN  THE  ADIABATIC-ROTATION  APPROXIMATION 

In  this  section  I  discuss,  just  for  simplicity  of  notation,  purely  rotation¬ 
al  transitions  only  and  neglect  the  vibronic  motion  of  the  molecule.  In  +he 
adiabatic-rotation  approximation  the  rotational  motion  is  separated  from  the 
motion  of  the  scattered  electron.  In  other  words  the  wave  function  T  for  the 
total  collision  system  is  expressed  as  the  product  of  the  wave  function  Y,j,(R) 
of  the  initial  rotational  state  and  the  wave  function  of  the  scattered  elec¬ 
tron.  Therefore,  the  asymptotic  form  of  T  is 

[exp(ik.r)  +  F(k-*-k';R)r~^exp(ik’r)]Yj|j(fi). 
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The  molecular  orientation  R  in  the  rotational  wave  function  is  a  variable,  but 
that  in  the  scattering  amplitude  F  is  merely  a  parameter.  In  other  words  F  is 
the  scattering  amplitude  for  a  fictitious  collision  problem  in  which  the  mole¬ 
cular  orientation  is  held  fixed  during  the  collision. 

The  true  wave  function  behaves  asymptotically  as 

T  -v  exp(ik.r)Yj|j|(ft)  Ij f (kj m ->-k' j  ' m ' )r“^  exp(  ik'r ) Yj , ^ , (ft).  (11) 

The  initial  wave  vector  k  is  the  same  for  both  Eqs.(lO)  and  (11).  The  final 
wave  vcct,-"  j.-.  Eq.(11)  depends  on  the  rotational  channel.  In  Eq.(IO),  how¬ 
ever,  k'  is  the  final  wave  vector  for  the  fixed-orientation  problem.  Comparison 
of  Eqs.(IO)  and  (11)  reveals  that  the  scattering  amplitude  f  in  the  adiabatic- 
rotation  approximation  follows  if  is  equated  to  the  sum  of  fY,,|j^i;  we 
assume  that  the  spherical  scattered  waves  exp(ik'r)  in  both  Eqs.  (10)  ''and  (11) 
are  practically  the  same  in  accordance  with  the  adiabatic-rotation  approx¬ 
imation.  Then,  the  scattering  amplitude  f  for  a  transition  jm-^j'm'  is  a  coef¬ 
ficient  of  expansion  of  in  terms  of  the  complete  set  of  functions 

f (kjm^k'j'm’)  =  <Yj.,„,  |F(k-k'jft)l  Yj^>R.  (12) 

TI':is  expression  was  derived  by  Drozdo./  [7]  and  later  by  Chase  [25]. 

If  the  correct  k'  that  depends  on  the  rotational  channel  is  used  for  the 
calculation  of  F  in  Eq.(12),  I  would  call  it  an  adiabatic-rotation  approxima¬ 
tion  in  a  broad  sense.  The  Born  approximation  for  the  scattering  amplitude  f 
follows,  if  F  is  calculated  to  the  first-order  in  the  interaction  potential. 
The  Glauber  approximation  follows,  if  F  is  calculated  in  the  eikonal  approxima¬ 
tion. 

Use  of  a  common  k'  for  all  rotational  channels  greatly  simplifies  the  compu¬ 
tation  of  Eq.(12).  This  is  often  simply  called  adiabatic-rotation  approxima¬ 
tion,  but  I  would  call  it  that  in  a  narrow  sense.  In  this  case  the  adiabatic- 
rotation  relation  for  the  cross  sections  may  be  proved  by  using  Eq.(12)  with  no 
further  approximation  [1,7].  In  fact  the  correct  relation  is  slightly  different 
from  Eq.(3).  Returning  to  the  general  rotational-vibrational  transitions,  we 
obtain 


(k/k'y,j,)do  (vj->v'j';  0  )/dui 

=  f  (k/k'y,j^  )p(jj^j')do(vO-»v'jj^;  0  )/dw  .  (13) 

The  wave-number  ratio  on  each  side  is  the  initial-to-f inal  wave-number  ratio 
for  the  process  on  each  side.  This  factor  stems  from  the  expression  for  the 
differential  cross  section  in  terms  of  the  scattering  amplitude;  Eq.(3)  actual¬ 
ly  applies  to  the  square  of  the  absolute  value  of  the  scattering  amplitude.  We 
recover  Eq.(3)  if  we  neglect  the  rotational-channel  dependence  of  the  final 
wave  numbers  in  Eq.(13),  just  as  we  did  in  the  derivation  of  the  adiabatic- 
rotation  scattering  amplitude  in  a  narrow  sense. 


5.  BREAKDOWN  OF  THE  ADIABATIC-ROTATION  APPROXIMATION 
5.1.  Cases  of  long  collision  time 

The  adiabatic-rotation  approximation  breaks  down,  if  the  collision  time  is 
comparable  to  or  longer  than  the  characteristic  period  of  molecular  rotation. 
This  occurs  in  the  following  three  cases: 

(A;  For  narrow  resonances,  because  the  resonance  lifetime,  which  may  be 
regarded  as  the  collision  time,  can  be  longer  than  10~^^s,  a  typical  rotational 
period.  This  occurs  for  resonance  widths  smaller  than  ImeV,  and  could  be  a 
serious  problem  in  Feshbach  resonance  regions.  Shape  resonances,  which  are 
found  frequently  in  low-energy  electron-molecule  collisions,  are  usually  much 
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broader  than  ImeV,  and  the  adiabatic-rotation  theory  may  be  safely  applied  to 
most  shape  resonances* 

(B)  Close  to  a  threshold  of  excitation,  because  the  outgoing  electron  can  be 
very  slow  then.  I  will  discuss  this  case  in  Sec.  5-3  into  some  details. 

(C)  For  small-angle  scattering  of  an  electron  by  a  polar  molecule  in  which 
purely  rotational  transitions  occur.  This  case  corresponds  to  distant  colli¬ 
sions  in  which  the  electron  keeps  feeling  the  weak  long-range  dipo?.e  potential, 
proportional  to  r“^,  for  an  extended  distaiice  along  its  Liajectory.  Thus  the 
effective  collision  time  is  long.  In  fact  the  differential  cross  section 
diverges  at  a  zero  scattering  angle  in  the  adiabatic-rotation  approximation  in 
the  narrow  sense.  I  will  discuss  this  case  in  Sec.  5»2. 

5.2.  Small-angle  scattering  by  a  polar  molecule 

Case  C  raises  no  serious  problem  with  the  adiabatic-rotation  relation.  The 
Born  approximation  is  known  to  apply  to  this  case  because  of  the  weak  interac¬ 
tion.  The  scattering  amplitude  in  the  Born  approximation  takes  the  form  of  Eq. 
(12)  in  which  the  correct  k*  is  used.  Partly  for  this  reason  the  differential 
cross  sections  in  the  Born  approximation  in  this  case  satisfy  a  relation 

(k/k'y,j,)dc  (vj^v'j';q)/du' 

=  (k/k'y,j^)p(jj^^j')do(v0^v'j^;q)/di  (:4) 

similar  to  Eq.(13)  but  with  the  same  momentum  transfer  q  on  both  sides  rather 
than  the  same  scattering  angle  0.  The  difference  between  Eqs.(13)  and  (14)  is 
significant  in  case  C.  It  is  negligible,  however,  at  larger  scattering  angles 
where  the  adiabatic-rotation  approximation  in  the  narrow  sense  is  valid.  The 
difference  is  also  negligible  at  all  scattering  angles  for  nonpolar  molecules. 
Therefore,  Eq.(14)  applies  to  both  polar  and  nonpolar  molecules  at  all  scatter¬ 
ing  angles  from  zero  to  180  degrees.  In  this  way  the  momentum  transfer  q  of 
Fig.  lb  is  important  particularly  in  case  C. 

The  range  0<  0<7iof  integration  over  the  scattering  angle  to  calculate  the 
integral  cross  section  transforms  into  the  range  jk-k' l£q<,k+k'  of  integration 
over  the  momentum  transfer.  The  latter  range  differs  depending  on  the  rota¬ 
tional  channel,  in  particular  a  small  change  in  the  lower  limit,  which  corres¬ 
ponds  to  forward  scattering,  changes  the  integral  significantly  for  pure  rota¬ 
tional  transitions  of  a  polar  molecule  (with  a  dipole  moment  D),  because  the 
differential  cross  section  is  strongly  peaked  towards  a  zero  scattering  angle. 
Near  the  lower  limit  of  integration  we  may  use  an  explicit  form  of  the  Born 
cross  section  for  the  dipole  interaction;  other  interactions  are  negligible 
there.  We  may  use  Eq.(13)  at  larger  scattering  angles.  Regardless  of  exactly 
where  we  switch  from  the  Born  approximation  into  the  adiabatic-rotation  approx¬ 
imation  in  the  narrow  sense,  we  obtain  a  relation 

•’(j-j')  =  tjj^j<i(k'j./k'j^)p(jj^j')  0  (0-^j^) 

+  p(j1j')[  <’(0^1)-(8  it  D'/3k’)ln[(k-k'j,)/(k-k'^)]]  (15) 

in  atomic  units.  Only  the  j(.  =  1  term  needs  to  be  modified,  because  this  is  the 
only  possible  angular-momentum  transfer  to  the  first  order  in  the  dipole  poten¬ 
tial.  This  term  vanishes  unless  j'=j±1;  p(jlj')  is  (j+l)/(2j+l)  for  j'=j+l, 
j/(2j  +  1)  for  j'=j-1,  and  zero  otherwise. 

Sum  rules  for  polar  molecules  follow  from  Eq.{15)  as 

Sg(j)  =  So{0)  -  (8  It  DV3k’)[(j  +  1)ln(j  +  1)+jlnj]/{2j  +  l)  (16) 

Si(j)  =  Si(0)  -  2B(8x  D’/3k’)[(j  +  1)’ln(j  +  l)-j’lnj]/(2j  +  1)  (17) 

on  the  assumption  that  the  wave-number  ratios  are  negligible.  Boltzmann  ave- 
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rages  of  Eqs«(l6)  and  (17)  show  temperature  dependence 

<Sq>  =  <So>^,Q  -  i(8  iiDV3k')ln(kgT/B)  (18) 
<S^>  =  -  B(8  iiDV3k’“)ln(kgT/B)  (19) 

for  kgT>>Bi  kg  being  the  Boltzmann  constant. 

A  computational  procedure  closely  related  to  the  discussion  in  this  subsec¬ 
tion  has  been  applied  by  Norcross,  Padial,  and  Jain  to  calculate  the  cross 
sections  for  rotational-vibrational  transitions  of  polar  molecules  HCl,  HCtJ, 
and  CO  [26).  They  use  the  adiabatic-rotation  approximation  in  the  narrow  sense 
for  close  collisions  {low  partial  waves)  and  the  Born  approximation  for  distant 
collisions  (high  partial  waves). 

5.3.  Close  to  excitation  threshold 

The  scattering  amplitude  is  small  at  energies  very  close  to  a  threshold  of 
rotational  excitation.  This  allows  the  first-order  perturbation  theory  or  the 
Born  approximation  to  be  applied  at  these  energies.  Unfortunately,  the  adia¬ 
batic-rotation  approximation  breaks  down  at  higher  energies  than  the  energies 
at  which  the  Born  approximation  is  valid.  More  sophisticated  calculations  are 
necessary  to  fill  in  the  gap  between  the  energy  regions  of  applicability  of 
these  two  simple  methods. 

Simple  modifications  of  the  adiabatic-rotation  approximation  in  the  narrow 
sense  (ARA)  have  been  considered  such  that  the  dependence  of  the  wave  number  on 
the  rotational  channel  may  be  taken  into  account.  Nesbet  [27)  has  proposed  an 
"energy-modified  adiabatic"  approximation  (EMA),  and  Feldt  and  Morrison  [28] 
have  proposed  a  "scaled  adiabatic-rotation"  approximation. 

Morrison  et  al.  [29]  have  studied  the  breakdown  of  ARA  by  comparing  it  on 
electron  scattering  by  H,  with  laboratory-frame  close-coupling  calculations 
(LFCC),  which  should  really  be  done  close  to  a  threshold.  Figure  4  shows  the 
percentage  deviation  of  the  ARA  and  EMA  cross  sections  for  rotational  excita¬ 
tion  1=0-2  from  the  accurate  LFCC  results.  The  excitation  energy  E  is  AAmeV. 
ARA  begins  to  deviate  from  LFCC  at  about  E=100AE,  but  the  relative  error  in  ARA 
is  10%  at  E=44E  and  30%  at  energies  very  close  to  the  threshold.  The  j=1-3 
cross  section  satisfies  to  a  good  accuracy  the  adiabatic-rotation  relation  (3) 
in  terms  of  the  i=0-2  and  0-4  cross  sections.  The  deviation  from  Eq.(3)  is 


FIGURE  4 

Percentage  errors  of  approximate  e-H2  integral  cross  sections  for  j=0-2 
excitation.  ARA:  adiabatic-rotation  approximation  in  the  narrow  sense. 
EMA:  energy-modified  adiabatic  approximation  (taken  from  Ref.(29)). 
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only  10%  at  E=2AE  (,®=73ineV)  and  20%  at  E=1.1AE.  On  the  other  hand  the  accura¬ 
cy  of  the  ARA  differential  cross  sections  depends  strongly  on  the  scattering 
angle.  The  j=0-»2  cross  section  at  O.leV  at  a  zero  scattering  angle,  for 
cxanrple,  deviates  from  the  LFCC  result  by  a  factor  of  three  [29]. 

Extension  of  the  study  of  the  breakdown  of  ARA  to  other  molecules  is  highly 
desirable,  because  H2  is  too  special  a  molecule;  it  is  a  nonpolar  molecule,  it 
has  only  two  electrons,  the  nuclear  charge  is  small  and  the  potential  singular¬ 
ity  at  the  nuclear  positions  is  weak,  and  the  potential  field  is  nearly  spheri¬ 
cal  . 


6.  EXTENSION  TO  NONLINEAR  MOLECULES 

Linear  molecules  in  non-i  states  and  many  nonlinear  molecules  may  be  re¬ 
garded  as  nonlinear  rigid  rotators.  They  have  three  principal  moments  of  iner¬ 
tia.  If  all  of  them  are  unequal,  the  rotator  is  called  an  asymmetric  top.  An 
example  of  an  asymmetric  top  is  the  molecule.  If  two  principal  moments  of 
inertia  are  equar,  the  rotator  is  a  symmetric  top,  of  which  an  example  is  the 
NHj  molecule.  If  all  principal  moments  of  inertia  are  equal,  the  rotator  is 
a  spherical  top,  of  which  «n  example  is  the  CH^  molecule. 

Many  of  the  results  I  have  discussed  so  far  in  this  talk  are  generalizable 
for  nonlinear  rigid  rotators.  The  sum  rules  (8)  and  (9),  for  example,  have 
been  generalized  for  all  kinds  of  rigid  rotat'^rs  [17];  the  rotationally  summed 
cross  section  and  the  rotationally  averaged  enorgy-loss  cross  section  are 
independent  of  the  initial  rotational  state,  if  they  are  averaged  over  the 
degenerate  initial  sublevels. 

The  adiabatic-rotation  relation  (3)  has  been  generalized  for  symmetric  tops 
[7]  and  for  spherical  tops  [15,18].  The  result  for  the  latter  rotators  takes  a 
form  (3)  with  a  probability 

PUjtj'*  =  (dj'*1)/((2j  +  1)(2j^4l)l.  {20) 

No  simple  adiabatic-rotation  relation  for  the  real  cross  sections  is  known  for 
asymmetric  tops,  but  the  complex  scattering  amplitudes  satisfy  a  relation 
.similar  to  but  more  complicated  than  Eq.(3)  (30). 

Muller  et  al.  have  used  Eq.(20)  for  line-shape  analysis  of  electron  energy- 
loss  spectra  for  CH^  according  to  the  prescription  in  Refs. (15)  and  (21)  [31]. 

High-j  relation  (7)  has  been  generalized  for  symmetric-top  rotators  [32], 
but  not  yet  for  asymmetric-top  rotators. 


7,  CONCLUSIONS 

The  adiabatic-rotation  theory  has  a  wide  applicability  in  electron-molecule 
collisions.  It  leads  to  many  simple  and  useful  relations  for  cross  sections. 
There  are  some  cases,  however,  where  this  theory  has  to  be  either  modified  or 
replaced  by  more  accurate  theory.  One  has  to  carefully  examine  in  what  cases 
and  how  the  adlabatic-rotatic.n  'ihe'^ry  rrom  the  reality.  Although  the 
relations  derived  from  the  adiabatic-rotation  theory  apply  also  to  photoioniza¬ 
tion  and  heavy-particle  collisions,  different  modifications  have  to  be  made  for 
different  classes  of  processes  when  the  theory  in  the  simplest  form  breaks 
down.  J  have  not  mentioned  those  references  which  are  closely  related  to  the 
present  subject  but  are  specific  to  atom-molecule  and  ion-molecule  collisions. 


REFERENCES 

1)  I.  Shimamura,  Rotational  excitation  of  molecules  by  slow  electrons,  in: 
Electron-Molecule  Collisions,  eds.  I.  Shimamura  and  K.  Takayanagi  (Plenum, 


104 


/  Shinmmura 


New  York,  1984)  pp.89-189. 

2)  For  example,  M.E.  Rose,  Elementary  Theory  of  Angular  Momentum  (John  Wiley. 
New  York,  1957). 

3)  P.J.  Brussaard  and  H.A.  Tolhoek,  Physica  23  ('957)  955. 

4)  .8.3.  Bhattacharyya  and  A.S.  Dickinson,  J.  Phys.  B12  (1979)  L521. 

5)  I.  Shimamura,  Zeit.  f.  Phys.  A309  ('982)  107. 

B)  I.  Shimamura,  Phys.  Rev.  A28  (1983)  1357. 

7)  S.I.  Drozdov,  Sov.  Phys.  JETP  1  (1955)  591;  ibid.  3  (1956)  759. 

8)  S.  Hara,  J.  Phys.  Soc.  Jpn.  27  (1969)  1592. 

9)  E.S.  Chang  and  A.  Temkin,  Phys.  Rev.  Lett.  23  (1969)  39*1. 

10)  A.D.  Buckingham,  B.J.  Orr,  and  J.M.  Sichel,  Phil.  Trans.  Roy.  Soc.  London 
A268  (1970)  147. 

11)  J.M.  Sichel,  Mol.  Phys.  18  (1970)  95. 

12)  U.  Fano  and  D.  Dill,  Phys.  Rev.  A6  (1972)  185. 

13)  For  example,  R.  Goldflam,  D.J.  Kouri,  and  S.  Green,  J.  Chem.  Phys.  67 
(1977)  5661;  V.  Khare,  J.  Ohem.  Phys.  68  (1973)  4631. 

14/  I.  Shimamura,  Systematics  in  the  cross  sections  for  excitation  of  molecules 
by  electrons,  in:  Symposium  on  Electron-Molecule  Collisions,  eds.  I. 
Shimamura  and  M.  Matsuzawa  (Univ.  Tokyo,  Tokyo,  157l)  pp. 13-30. 

15)  I.  Shimamura,  Chera.  Phys.  Lett.  73  (1980)  328. 

16)  S.  Altshuler,  Phys.  Rev.  107  (1957)  114. 

17)  I.  Shimamura,  Phys.  Rev.  A23  (1981)  3350. 

18)  I.  Shimamura,  J.  Phys.  B15  (1982)  93. 

19)  D.W,  Norcross,  Phys.  Rev.  A25  (1982)  764. 

20)  [.  Shimamura,  Progr.  Theor.  Phys.  (Kyoto)  68  (1982)  178. 

21)  I.  Shimamura,  Line-shape  analysis  of  energy-los.s  spectra  and  photoelectron 
spectra,  In;  Wavefunctions  and  Mechanisms  from  Electron  Scattering  Process¬ 
es,  eds.  F.A.  Gianturco  and  G.  Stefani  (Springer,  Berlin,  1984)  op. 210-214. 

22)  F.H.  Read,  J.  Phys.  B5  (1972)  255. 

23)  S.F.  Wong  and  L.  Dube,  Phys.  Rev.  A17  (1978)  570. 

24)  K.  Jung,  Th.  Antoni,  R.  Muller,  K.-H.  Kochem,  and  H.  Ehrhardt,  J.  Phys.  B1  5 
(1982)  3535. 

25)  D.M,  Chase,  Phys.  Rev.  104  (1956)  838. 

26)  D.W.  Norcross  and  N.T.  Padial,  Phys.  Rev.  A25  (I'i82)  226;  N.T,  PaJial  and 
D.W.  Norcross,  ibid.  29  (1984)  1590;  A.  Jain  and  D.W.  Norcross,  ibid,  32 
(1985)  134;  A.  Jain  and  D.W.  Norcross,  ibid.,  to  be  published. 

27)  R.K.  Nesbet,  Phys.  Rev.  A19  (1979)  55'. 

28)  A.N.  Feldt  and  M.A.  Morrison,  Phys.  Rev.  A29  (1984)  401. 

29)  A.N.  Feldt  and  M.A.  Morrison,  J.  Phys.  B1  5  (1982)  301;  M.A.  Morrison,  A.N. 
Feldt,  and  D.  Austin,  Phys.  Rev.  A29  (1984)  2518. 

30)  S.  Green,  J.  Chem.  Phys.  70  (1979)  816. 

31)  R.  Muller,  K.  Jung,  and  H.  Ehrhardt,  in:  Electronic  and  Atomic  Collisions, 
XIV  ICPEAC,  Abstracts  of  Contributed  Papers,  eds.  M.J.  Coggiola  et  al 
(1985)  p.234. 

32)  I.  Shimamura  and  A.C.  Roy,  in:Electronic  and  Atomic  Collisions,  XIV  ICPEAC, 
Abstracts  of  Contributed  Papers,  eds.  M.J.  Coggiola  et  al.  (1985)  p.21  1. 


I  l.tXTROMC  A  VO  A  mWCC  (fl.I./SIO.VS 
lyC-  W.h.  Mcyethoj.  J.R.  Rcicnon  faJs.) 

©  Elsc-i  ier  Scipiu  v  Ptthlishcn  li- 1'..  /9,S‘rt 


105 


POSITRON  (AND  ELECTRON)  SCATTERING  BY  ATOMS  AND  MOLECULE^ 
Talbert  S.  STEIN  and  Walter  E.  KAUPPILA 

Department  of  Physics  and  Astronomy,  Wayne  State  University, 
Detroit,  Michigan  48202,  U.S.A. 


In  this  paper,  attention  is  focused  upon  recent  developments  in  the 
general  area  of  positron-gas  scattering  experiments,  with  an  emphasis  on 
the  intriguing  differences  and  similarities  between  the  scattering  of 
positrons  and  electrons  by  the  same  target  gases. 


1.  INTRODUCTION 

The  study  of  electron  (e*)-atom  (molecule)  collisions  has  been  a  lively 
area  of  research  for  the  past  several  decades,  and  has  played  a  vital  role  in 
the  development  of  our  present  understanding  of  atomic  and  molecular  physics. 
Considering  the  positron  (e'*')  as  a  complementary  probe,  the  combination  of 
intriguing  differences  (opposite  sign  of  the  projectile  charge,  and  absence  of 
the  exchange  interaction  in  the  case  of  the  e'*')  and  similarities  (same 
magnitudes  for  the  mass,  charge,  and  spin)  of  the  e'*'  and  the  e"  has 
stimulate''  numerous  experimental  and  theoretical  investigations  of  e'^'-atom 
(molecule)  collisions  since  the  development  of  the  first  practical  low  energy 
e^  beam  [1]  for  scattering  experiments  in  1972.  Some  simple  theoretical 
considerations  help  to  provide  insight  into  the  interesting  differences  and 
similarities  between  e'*'  and  e*  scattering  from  the  same  atoms  and 
molecules.  The  static  interaction  (associated  with  the  interaction  of  the 
projectile  with  the  Coulomb  field  of  the  undistorted  atom)  is  attractive  for 
the  e"  and  repulsive  for  the  e'*’,  while  the  polarization  interaction 
(resulting  from  the  distortion  of  the  atom  by  the  passing  charged  projectile) 
is  attractive  for  both  projectiles.  The  exchange  interaction  contributes  to 
e"  scattering  (due  to  the  indistinguishabilty  of  the  projectile  and 
electrons  in  the  target  atoms)  but  does  not  play  a  role  in  e'*'  scattering. 

The  net  effect  of  the  static  and  polarization  interactions  is  that  they  add  to 
each  other  in  e'  scattering  whereas  they  tend  to  cancel  each  other  in  e'*' 
scattering.  In  general,  this  results  in  smaller  total  scattering  cross 
sections  for  positrons  than  for  electrons  at  low  energies.  As  the  projectile 
energy  is  increased,  the  polarization  and  exchange  interactions  eventually 
become  negligible  compared  with  the  static  interaction,  and  since  the  static 
interaction  has  the  same  magnitude  for  positrons  and  electrons,  the  result  is 
a  merging  of  the  corresponding  e'*’  and  e"  scattering  cross  sections  at 
sufficiently  high  projectile  energies.  Two  additional  scattering  processes 
which  occur  for  positrons  are  annihilation  and  positronium  (Ps)  formation 
(real  and  virtual).  Annihilation  is  not  expected  [2]  to  play  a  significant 
role  in  scattering  at  the  energies  which  have  been  used  in  e'^  scattering 
experiments  (>0.2  eV).  However,  Ps  formation  has  been  found  to  be  an 
important  factor  in  e'^-gas  collisions  [3-8], 

In  a  number  of  ways,  e'^-gas  scattering  experiments  have  been  following  a 
path  similar  to  that  followed  by  early  e"-gas  scattering  experiments. 

During  the  first  decade  of  scattering  experiments  using  low  energy  e'*^  beams, 
attention  was  focused  primarily  on  measuring  total  scattering  cross  sections 
(ijf)  for  positrons  colliding  with  room  temperature  gases,  including  the 
inert  gases  and  a  variety  of  molecules  [3-9].  In  recent  years,  as  e'*'  beam 
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technology  has  improved,  the  first  steps  have  been  taken  toward  directly 
measuring  the  cross  sections  for  the  separate  processes  [10]  (including  Ps 
formation  [11-14],  atomic  excitation  [15-17],  and  ionization  cross  sections 
[17-19])  which  contribute  to  Qf,  and  toward  making  direct  measurements  of 
differential  elastic  cross  sections  (DCS)  [20,21]  for  e'''-gas  collisions.  In 
addition,  Qf  measurements  for  positrons  are  now  being  extended  to 
non-room-temperature  gases  (the  alkali  atoms)  [22].  One  of  the  side-benefits 
of  having  the  e'*'  experiments  retracing  some  of  the  steps  taken  by  the 
corresponding  earlier  e*  experiments,  is  that  new  experimental  apparatuses 
and  approaches  developed  for  positrons  are  sometimes  "tested"  by  applying  the 
same  approaches  to  electrons  to  see  if  one  obtains  the  "accepted"  e" 
results.  However,  it  is  not  always  clear  which  of  the  sets  of  e"  results 
are  the  "accepted"  results,  since  not  all  of  the  discrepancies  involving 
e'-gas  scattering  measurements  and  theories  have  been  resolved.  The 
"testing"  of  e'*'  experimental  techniques  by  applying  them  to  electrons  thus 
provides  an  incentive  for  redoing  some  of  the  e"-gas  scattering  measurements 
which  has  potential  for  helping  to  clear  up  some  of  the  "unfinished  business" 
that  still  remains  in  that  area  of  research. 

Aside  from  the  connections  between  e+  and  e'-gas  scattering,  e'''-atom 
scattering  is  intrinsically  interesting  because  it  involves  interactions  of 
antimatter  with  matter.  Interest  in  such  interactions  has  been  intensified  by 
a  series  of  balloon  and  satellite  experiments  dating  back  to  the  early  1970's 
which  have  detected  e'*'  annihilation  gamma  rays  coming  from  solar  flares 
[23],  and  have  also  established  the  existence  of  a  powerful,  compact  source  of 
e*  annihilation  radiation  which  appears  to  be  located  at  the  center  of  our 
ovAi  Milky  Way  galaxy  [24],  After  having  been  "on"  for  most  of  the  decade  of 
the  1970's,  the  source  was  observed  to  turn  "off"  rather  abruptly  at  the  end 
of  the  last  decade  and  appears  to  have  remained  "off"  through  the  most  recent 
observations  made  in  November  of  1984  [25].  If  the  latter  source  is  indeed 
located  at  the  galactic  center,  the  observed  intensity  of  the  annihilation 
gamma  ray  line  would  imply  an  annihilation  rate  of  10^^  annihilations  per 
second  which  corresponds  to  approximately  10^*^  ergs  per  second  in 
annihilation  radiation  which  amounts  to  about  10^  solar  luminosities.  From 
the  short  period  of  time  over  which  the  source  was  observed  to  turn  off,  the 
size  of  the  source  is  estimated  to  be  less  than  six  light-months  in  extent 
which  is  compact  on  a  galactic  scale  (considering  that  the  solar  system  is 
approximately  30,000  light-years  from  the  galactic  center)  [25].  Annihilation 
gamma  ray  observations  such  as  those  referred  to  above  can  provide 
considerable  information  on  the  type  of  environment  which  exists  at  the  site 
of  their  origin  if  sufficient  information  can  be  obtained  on  the  ways  in  which 
positrons  interact  with  H,  H2,  and  other  atoms  and  molecules  of 
astrophysical  interest  [25-27], 

Several  comprehensive  review  papers  and  progress  reports  have  been 
published  [3-9]  which  have  included  detailed  surveys,  assessments,  and 
comparisons  of  the  various  experiments  and  theoretical  calculations  related  to 
total  cross  sections  for  positrons  colliding  with  room  temperature  gases. 
Rather  than  attempt  a  comprehensive  extension  of  such  assessments  and 
comparisons  in  this  paper,  we  will  point  out  what  we  feel  are  some  of  the  most 
significant  developments  in  the  general  area  of  e'''-gas  scattering  research 
including  total  scattering  cross  sections  for  room  temperature  gases  as  well 
as  some  of  the  more  recent  developments  which  go  beyond  that  specific  area. 
Comparisons  between  positrons  and  electrons  scattering  from  various  gases  will 
be  emphasized  in  these  discussions. 


2.  EXPERIMENTAL  POSITRON  BEAM  TECHNIQUES 

The  methods  for  producing  low,  and  well-defined  energy-e'*’  beams  have  been 
discussed  extensively  elsewhere  [3,5-8,28].  We  will  just  emphasize  a  few  of 
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the  considerations  which  we  feel  are  most  relevant  to  e^-gas  scattering 
experiments.  The  most  widely  used  e'*'  source  has  been  ^^Na,  primarily 
because  of  its  relatively  long  half-life  (2.6  years)  coupled  with  the 
commercial  availability  of  high  intensity  ^^Na  sources  in  useful 
configurations.  Other  approaches  to  obtaining  positrons  for  e'''-gas 
scattering  experiments  have  included  the  use  of  a  55  MeV  e"  linear 
accelerator  [1]  to  produce  positrons  by  pair  production,  and  the  use  of  a  4.75 
MeV  proton  beam  of  a  Van  de  Graaff  accelerator  to  produce  an  ‘‘C  e^  source 
[29]  by  the  reaction  llB(p,n)l^C.  A  variety  of  moderators  used  in  either 
a  backscattering  or  transmission  mode  have  been  found  to  yield  low-energy 
positrons  with  relatively  narrow  energy  distributions  when  exposed  to  the 
high-energy,  broad  energy-width  fluxes  resulting  from  e'*'  sources  [28]. 

Two  properties  of  moderators  which  are  of  particular  interest  in  e'*’-gas 
scattering  experiments  are  (1)  the  energy  width  of  the  emitted  slow  e'*'  beam 
(full -width  at  half-maximum),  and  (2)  the  “conversion  efficiency"  defined  as 
the  ratio  of  the  slow  e'*’  emission  rate  of  the  moderator  to  the  total  rate  of 
e'*'  production  by  the  radioactive  source.  A  moderator  with  one  of  the 
highest  available  conversion  efficiencies  (10“^)  which  can  be  readily  used 
in  e'^'-gas  scattering  experiments,  is  relatively  stable  over  long  periods  of 
time,  and  can  be  exposed  to  air  without  appreciable  degradation,  is  annealed 
tungsten  [30,31].  Although  the  energy  width  of  the  low  energy  e'*’  beam 
emitted  by  annealed  tungsten  in  a  backscattering  mode  is  relatively  broad  [31] 
(of  the  order  of  2  eV),  there  are  many  different  types  of  e'*’  scattering 
experiments  which  can  be  performed  with  such  a  source  without  the  need  for  any 
further  energy  monochromatization  [14,19,21].  The  source  referred  to 
above,  used  in  a  self-moderating  mode,  has  a  much  narrower  energy  width  [32] 
(less  than  0.1  eV),  but  it  also  has  a  much  lower  conversion  efficiency 
(10'®)  than  an  external  annealed  tungsten  moderator.  However,  for 
experiments  which  demand  a  better  energy  resolution,  such  a  moderator  has  been 
found  to  be  very  useful  [8,33], 

Some  recent  developments  in  low  energy  e*  beam  technology  may  have 
potential  for  applications  in  the  area  of  e^-gas  scattering  experiments. 

The  highest  reported  low-energy  e*  beam  intensities  up  to  the  present  tii„e 
have  been  produced  at  Lawrence  Livermore  National  Laboratory  (LLNL)  and  at 
Brookhaven  National  Laboratory  (8NL).  The  LLNL  e''"  beam  has  an  intensity  oi 
7  X  10^  slow  e'^'/sec  instantaneous  (2  x  10^  slow  e'''7sec  time  averaged), 
and  is  derived  by  moderation  (using  tungsten  vanes)  of  high-energy  positrons 
produced  by  pair  production  in  a  tungsten  target  irradiated  by  electrons  at 
the  LLNL  100  MeV  e"  linac  [34],  An  e’*'  beam  with  10^  slow  e'''/sec  has 
been  produced  at  the  BNL  using  a  reactor  produced  ®^Cu  e'*’  source  [35]. 

The  ®'*Cu  is  evaporated  in  situ  onto  a  W(llO)  substrate  prepared  by  heating 
to  form  a  self-moderating  source.  With  a  much  less  elaborate  experimental 
set-up,  an  e^  beam  of  intensity,  5  x  10^  slow  e''’/sec  has  been  generated 
by  Van  House  and  Zitzewitz  [31]  using  a  ^^Na  source  and  an  annealed  tungsten 
moderator.  It  has  also  been  found  that  positrons  emitted  from  moderators  are, 
in  general,  polarized  [31,36]  and  a  degree  of  polarization  as  high  as  0.69  +,- 
0.04  has  been  achieved  using  an  MgO  moderator  [31]. 

Techniques  [8]  which  have  been  used  for  analyzing  the  energy  of  e'*'  beams 
are  basically  the  same  as  those  used  for  electrons,  and  include  the  use  of 
time-of-fl ight,  90°  electrostatic  analyzers,  a  transverse  magnetic  field 
with  beam-defining  apertures,  and  retarding  electrostatic  fields.  Methods 
which  have  been  used  for  e'*’  detection  [3,5-8]  include  (1)  observing  the  two 
coincident  annihilation  gamma  rays  with  two  Nal  scintillation  counters,  (2) 
observing  one  or  both  annihilation  gamma  rays  with  a  single  Nal  well  counter, 
and  (3)  using  a  Channeltron  electron  multiplier  (CEM).  The  CEM  has  become  the 
preferred  detector  in  many  experiments  due  to  its  high  e'*'  detection 
efficiency  and  its  relatively  small  size  and  ease  of  use. 
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3.  TOTAL  CROSS  SECTION  MEASUREMENTS 


The  basic  experimental  method  used  by  all  of  the  groups  which  have  measured 
Qj  for  positrons  is  to  study  the  attenuation  of  the  e'*'  beam  as  it  passes 
through  a  gas  scattering  region.  Under  “ideal"  experimental  conditions,  Qy 
can  be  obtained  from  the  expression. 


I  =  loe-nLQT 

where  Iq  is  the  detected  beam  intensity  with  no  gas  in  the  scattering 
region,  I  is  the  detected  beam  intensity  with  gas  of  number  density  n  in  the 
scattering  region,  and  L  is  the  path  length  of  the  e'*'  beam  through  the 
scattering  region. 

Recent  review  papers  and  progress  reports  [3,5-9]  have  included  detailed 
discussions  of  the  various  techniques  used  to  measure  e'''-gas  Oy  values  and 
have  also  included  discussions  of  nearly  all  the  results  (including  He,  Ne, 

Ar,  Kr,  Xe,  H2,  O2,  N2,  O2,  CO,  CO2,  CH4,  and  N2O)  obtained  up 
to  the  early  part  of  1983. 

The  qualitative  features  of  the  low  energy  e'*'  Qy  curves  for  the  inert 
gases  are  summarized  in  Fig.  1  where  they  are  compared  with  the  corresponding 
e"  Qy  curves.  Ramsauer-Townsend  effects  (minima  in  Qy  due  to  quantum 
mechanical  effects  associated  with  a  net  attractive  interaction  between  the 
projectile  and  the  target  atom)  are  observed  for  positrons  colliding  with  the 
lighter  inert  gases  (He,  Ne,  and  possibly  a  shallow  minimum  for  Ar),  whereas 
the  situation  is  reversed  for  electrons  which  exhibit  Ramsauer-Townsend 
effects  only  for  the  heavier  inert  gases  (Ar,  Kr,  and  Xe).  Another 
qualitative  feature  of  the  e'*’  curves  is  the  dramatic  increase  in  ^  at  the 
thresholds  for  Ps  formation  in  each  of  the  gases.  The  e'*'  curves  in  Fig.  1 
can  be  used  to  estimate  Ps  formation  cross  sections  (Qps)  (crosshatched 
regions)  for  e*  energies  between  the  thresholds  for  Ps  formation  and  atomic 
excitation,  assuming  that  the  elastic  scattering  cross  sections  are  smoothly 
varying  as  the  e'*'  energy  increases  through  the  Ps  formation  thresholds. 

However  there  is  now  evidence  [37]  that  such  an  assumption  may  not  necessarily 
be  valid.  (For  a  further  discussion  of  Qps,  refer  to  Sec.  5.1). 

The  e’''*”-He  Qy  comparison  measurements  [38]  (up  to  intermediate 
energies)  shown  in  Fig.  2  provide  a  striking  illustration  of  some  of  the 
differences  and  similarities  in  e*  and  e"  scattering.  At  low  energies, 
the  e'*’  cross  section  is  about  two  orders  of  magnitude  smaller  than  the  e" 
cross  section.  This  is  consistent  with  the  fact  that  the  static  and 
polarization  interactions  are  both  attractive  in  the  e"  case,  whereas  there 
is  a  tendency  toward  cancellation  of  these  interactions  in  the  e'*'  case.  In 
contrast  to  the  large  difference  between  the  cross  sections  at  low  energies 
there  is  an  observed  merging  (to  within  2%)  of  the  e"  and  e'*’  results  above 
200  eV.  Although  as  was  mentioned  in  the  introduction,  a  merging  of  the  e'*' 
and  e"  cross  sections  is  expected  at  sufficiently  high  projectile  energies, 
when  the  polarization  and  the  exchange  interactions  (for  electrons)  are 
negligible  compared  to  the  static  interaction,  the  merging  of  the  Qy  curves 
was  not  expected  to  occur  at  such  low  energies.  The  e'*’  and  e"  distorted 
wave  second  Born  approximation  (DW)  calculations  of  Dewangen  and  Walters  [39] 
do  not  merge  (to  within  2%)  until  2000  eV.  At  200  eV,  where  the  measurements 
of  Kauppila  et  al .  indicate  a  merging  to  within  2%,  the  DW  e*  calculations 
are  21%  higher  than  the  corresponding  e'*^  calculations.  Another  curious 
aspect  of  the  observed  merging  of  the  e'*^  and  e"  Qy  values  above  200  eV 
is  that  recent  theoretical  estimates  [40]  suggest  that  at  200  eV,  the  e" 
total  elastic  cross  section  is  nearly  four  times  as  large  as  the  e'*'  total 
elastic  cross  section.  This  raises  the  question  of  how  Qy  for  e'*'  and 
e"-He  collisions  can  merge  near  200  eV  when  these  projectiles  appear  to  be 
behaving  much  differently  with  respect  to  elastic  scattering  at  that  energy. 

Is  there  some  overriding  consideration  that  governs  the  merging  of  e'*’  and 
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FIGURE  1 

Qf  curves  for  low-energy  e'''-inert  gas  and  e*-inert  gas  scattering.  The 
arrows,  in  order  of  increasing  energy,  refer  to  the  thresholds  for  Ps 
formation,  atomic  excitation  and  ionization  for  e'*'  scattering,  and  atomic 
excitation  and  ionization  for  e"  scattering.  (From  Stein  and  Kauppila,  Ref. 
8) 
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FIGURE  2 

Comparison  of  measured  e'*’-He  and  e"-He  total  cross  sections  up  to 
intermediate  energies.  The  lowest  inelastic  thresholds  for  each  projectile 
are  indicated  by  arrows.  (From  Kauppila  et  al..  Ref.  38) 
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e"  Qj  values  at  an  energy  where  the  separate  processes  that  contribute  to 
Qf  may  still  be  exhibiting  very  dissimilar  behavior?  It  should  be  noted 
that  comparison  e'*'-"  Qt  measurements  [38,41]  for  Ne,  Ar,  Kr,  and  Xe 
indicate  a  tendency  toward  a  merging  but  an  actual  merging  of  the  cross 
sections  has  not  been  observed  at  the  highest  energies  studied. 

The  first  Q]-  measurements  for  e'''-N20  collisions,  recently  reported  by 
Kwan  et  al .  [42]  are  shown  in  Fig.  3  with  the  corresponding  e"  measurements 
and  with  prior  {e+>*)-C02,  {e'*'»-)-N2,  and  (e'^.-)-CO  Qj 

measurements  [  ’’,44].  It  has  been  known  for  some  time  that  the  isoelectronic 
pair,  N2  and  CO,  scatter  electrons  in  remarkably  similar  ways  because  of 
their  similar  structure,  in  spite  of  their  very  different  chemical  behavior. 
Since  the  isoelectronic  pair  of  molecules,  N2O  and  CO2  are  obtained  by 
adding  a  single  oxygen  atom  to  N2  and  CO,  it  is  of  interest  to  determine 
whether  these  molecules  also  exhibit  similar  scattering  characteristics.  It 
is  observed  that  above  5  eV,  the  shape  and  magnitude  of  the  O7  results  for 
both  N2O  and  CO2  are  very  similar  for  each  projectile.  The  e*  Qj 
curves  are  within  a  few  percent  of  each  other  above  5  eV,  while  the  e+-N20 
Qt  results  are  slightly  but  noticeably  higher  than  those  for  the  e''’-C02 
system.  Although  the  differences  between  the  molecules  become  more  pronounced 
at  the  lowest  energies,  due  to  the  greater  role  played  by  the  internal 
structures  of  the  respective  molecules,  there  are  similarities  in  the 
qualitative  behavior  even  at  low  energies.  For  e“  scattering,  there  are 
prominent  shape  resonances  at  2.3  and  3.8  eV  for  N2O  and  CO2  respectively, 

and  broad  maxima  around  25  eV  for  N2O  and  30  eV  for  CO2.  For  positrons, 

there  are  also  similar  features  in  the  Of  curves  for  N2O  and  CO2.  The 

shape  resonances  observed  at  low  energies  in  the  e"  case  are  absent  for  e'*’ 

scattering  from  these  gases.  The  e'^  Qt's  increase  rapidly  below  2  eV. 


FIGURE  3 

Comparison  of  {e''’>")-N20,  CO2,  N2,  and  CO  Qj  values  up  to 
intermediate  energies.  The  threshold  energies  for  formation  of  Ps  in  the 
ground  and  first  excited  states  are  indicated  by  arrows  labeled  Ps  and  Ps*, 
respectively.  (From  Kwan  et  al..  Ref.  42) 
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Both  e'*'  curves  show  an  abrupt  increase  at  the  respective  Ps  formation 
thresholds,  suggesting  a  significant  increase  of  inelastic  scattering  (due  to 
Ps  formation)  at  these  energies.  There  appears  to  be  a  second  increase  in  the 
Qj  curves  for  N2O  and  CO2  about  5  eV  above  each  Ps  formation  threshold 
(see  Insert  of  Fig.  3).  These  latter  increases  in  the  Qy  curves  may  be 
associated  with  formation  of  Ps  in  the  first  excited  state,  although  recent 
experimental  investigations  [45]  of  this  possibility  for  CO2  have  not 
provided  evidence  of  appreciable  Ps  being  formed  in  the  first  excited  state. 

Comparisons  between  e"  and  e'*'  measurements  [43,44]  of  Qy  for  N2  and 
CO  indicate  a  very  similar  situation  as  has  been  observed  for  N2O  and  CO2 
with  respect  to  striking  similarities  and  some  small  differences  in  the  shapes 
and  magnitudes  of  the  respective  Qy  curves.  For  e"  scattering,  both  gases 
exhibit  shape  resonances  at  low  energies  and  agree  to  within  a  few  percent  of 
each  other  for  e"  energies  above  10  eV.  For  e*  scattering,  the  shape 
resonances  are  absent  and  both  gases  exhibit  very  similar  shapes.  An 
interesting  feature  of  the  curves  shown  in  Fig.  3  that  was  pointed  out  by  Kwan 
et  al .  [42]  is  that  both  of  the  polar  molecules,  CO  and  N2O  have  noticeably 
larger  Qy's  for  e'*'  scattering  than  the  corresponding  nonpolar  molecules, 

N2  and  CO2,  while  the  Qy's  for  e"  scattering  by  these  two  pairs  of 
molecules  are  much  closer  to  each  other  than  for  e'*'  scattering.  Kwan  et  al, 
[42]  have  speculated  that  the  larger  differences  in  the  Qy  measurements  for 
e'*'  scattering  than  for  e*  scattering  by  N2O  and  CO2  and  by  N2  and 
CO,  may  result  from  the  permanent  dipole  moments  of  N2O  and  CO  having  a 
greater  effect  on  e'*'  scattering. 

As  an  illustration  of  some  possibly  "unfinished  business"  in  e'-atom 
(molecule)  scattering  measurements  alluded  to  in  the  introduction  to  this 
paper,  which  can  be  encountered  when  e^-experiraenters  redo  e"  scattering 
measurements  to  "test"  their  e*  apparatuses  and  techniques,  the  Qy 
measurements  of  Kwan  et  al.  [42]  for  low  energy  e"-N20  collisions  are 
shown  in  Fig,  4  with  prior  measurements.  It  is  interesting  to  see  how  similar 
the  three  sets  of  measurements  are  away  from  the  peak  of  the  shape  resonance, 
hut  how  different  they  are  in  the  vicinity  of  the  peak  of  that  resonance. 

This  is  not  an  isolated  case,  as  the  low  energy  e"-C02  and  e"-C0  Qy 
curves  in  Refs.  43  and  44  respectively,  show.  In  all  three  cases,  the 
measurements  of  the  Wayne  State  University  group  [42-44]  are  higher  than  the 
other  measurements  in  the  vicinity  of  the  peak  of  the  respective  shape 
resonances  and  in  better  agreement  with  the  prior  measurements  away  from  the 
respective  peaks.  One  possible  explanation  for  a  discrepancy  of  this  type 
would  be  that  small  angle  scattering  becomes  more  pronounced  in  the  vicinity 
of  the  peak  of  the  shape  resonance,  and  the  lower  results  are  being  influenced 
more  by  a  lack  of  sufficient  angular  discrimination,  but  we  have  no  basis  at 
this  time  for  suggesting  that  this  is  indeed  the  explanation  for  the  observed 
experimental  discrepancies. 

The  first  Qy  measurements  for  positrons  colliding  with  a 
non-room-temperature  gas  (potassium)  have  recently  been  reported  by  Stein  et 
al .  [22]  using  a  thermally  isolated  oven  as  the  scattering  cell  (shown  in  Fig. 
5)  in  a  beam  transmission  experiment.  Determinations  of  (1)  the  attenuation 
of  the  beam  by  the  K  vapor,  (2)  the  number  density,  n,  of  K  atoms  in  the  oven, 
which  is  obtained  by  measuring  the  oven  temperature  at  three  different 
locations  in  the  oven  walls  and  in  the  oven's  interior  and  by  using  published 
vapor  pressure  data,  and  (3)  the  path  length,  L,  of  the  projectiles  through 
the  oven,  are  used  to  obtain  absolute  Qy  values.  A  unique  feature  of 
e''’-alkali  collisions  is  that  since  the  alkalis  all  have  ionization 
potentials  less  than  the  binding  energy  (6.8  eV)  of  Ps  in  its  ground  state,  an 
e'^  with  arbitrarily  small  kinetic  energy  can  form  Ps.  Another 
distinguishing  feature  of  the  alkalis  is  that  their  polarizabilities  are 
considerably  larger  than  those  of  any  of  the  gases  which  have  been  studied  for 
nositrons.  Qy  values  for  e''’-K  collisions  [22]  are  shown  in  Fig.  6  along 
with  theoretical  estimates  of  the  elastic  cross  sections  [46,47]  (Qe).  and 
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FIGUkt  4 

Low  energy  e'-N20  (Jj  measurements.  For  references  o  all  of  the  work, 
displayed  in  this  figure,  please  see  Ref.  42.  (From  Kwan  et  al.,  Ref,  42. 
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FIGURE  5 

(e'''>‘)-al  kal  i  scattering  apparatus. 
(From  Stein  et  al.,  Ref.  22) 


FIGURE  6 
(e'*’*')-K  Qt  values. 

(From  Stein  et  al,.  Ref.  22) 
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QPs  ['*?].  and  for  comparison,  the  corresponding  e"  Qy  results.  The 
direct  comparisons  of  e^  and  e*-K  Qy  values  indicate  that  the  e'*’  Qy 
values  are  lower  than  the  e"  values  from  5  to  50  eV,  but  it  is  intriguing 
that  they  are  closer  to  the  corresponding  e*  values  (within  25%)  over  this 
energy  range  than  has  been  the  case  for  any  other  gases  for  which  such 
comparisons  have  been  made.  The  measured  e^  Qy  values  are  more  than  twice 
as  large  as  the  theoretical  estimates  of  Qy  by  Bordonaro  et  al .  [46]  at  the 
only  energy  of  overlap  (5  eV)  and  are  more  than  five  times  as  large  as  the 
theoretical  estimates  of  Qg;  by  Guha  and  Mandal  [47]  at  all  energies  of 
overlap.  The  discussion  above  suggests  the  possibility  that  for  positrons 
between  10  and  50  eV,  excitation  or  perhaps  ionization  (for  both  of  which  no 
measurements  or  calculations  of  cross  sections  yet  exist  for  K)  may  make  the 
major  contribution  to  Qy  (as  is  the  case  for  e“-K  collisions  [48]). 

One  possible  interpretation  [22]  of  the  proximity  of  the  e'*’  and  e"  K 
Qy  results  at  low  energies  is  that  the  polarizability  of  K  is  so  large  that 
it  could  be  overwhelming  the  static  interaction  at  the  low  energies  used  in 
these  experiments,  even  when  dynamical  (non-adiabatic)  effects  [48]  are  taken 
into  account.  As  a  result,  the  tendency  of  the  static  and  polarization 
interactions  to  cancel  each  other  in  the  case  of  e'*'  scattering  and  to  add  in 
the  case  of  e*  scattering  may  not  differentiate  between  these  projectiles  to 
the  same  degree  for  K  as  it  does  in  scattering  from  targets  of  much  lower 
polarizability.  Extending  this  train  of  thought,  there  could  be  a  diverging 
of  the  e'*’  and  e"  Qy  values  at  intermediate  energies  due  to  a  more 
complete  cancellation  of  the  polarization  and  static  interactions  in  the  e'*' 
case  (in  contrast  to  an  addition  of  these  interactions  in  the  e"  case)  where 
the  polarization  interaction  diminishes  to  become  more  comparable  in  magnitude 
to  the  static  interaction.  Finally,  at  sufficiently  high  energies  where  the 
polarization  interaction  has  become  relatively  insignificant,  the  e*  and 
e"  Qy  values  would  be  expected  to  merge  and  would  be  given  by  the  first 
Born  approximation. 


4.  DIFFERENTIAL  SCATTERING  CROSS  SECTIONS 

The  first  measurements  of  differential  cross  sections  (DCS)  for  positrons 
were  reported  by  Coleman  and  McNutt  [20]  for  the  elastic  scattering  of  2-9  eV 
positrons  by  Ar  for  angles  from  20-60°,  using  a  time-of-fl ight  (TOF) 
spectrometer  shown  schematically  in  Fig.  7.  In  their  experiment,  slow 
positrons  pass  through  a  1-cm-long  gas  cell  and  then  travel  approximately  25 
cm  through  an  evacuated  straight  flight  tube  in  a  strong  axial  magnetic  field 
to  a  detector  (Channeltron  electron  multiplier).  The  larger  the  angle  through 
which  an  e'*'  is  scattered  in  the  gas  cell,  the  longer  its  TOF  will  be  in  the 
axial  magnetic  field,  and  it  is  this  correlation  that  is  used  to  determine 
DCS's  for  positrons.  The  OCS's  measured  by  Coleman  and  McNutt  for  e'*'-Ar 
collisions  are  compared  with  the  calculations  of  Schrader  [50]  (solid  lines) 
and  "scaled-down"  calculations  of  McEachran  et  al .  [51]  (broken  lines)  in  Fig. 
8.  The  agreement  between  experiment  and  theory  is  reasonable. 

Direct  measurements  of  relative  DCS's  for  the  elastic  scattering  of 
positrons  (and  electrons)  by  Ar  have  recently  been  reported  by  Kauppila  et  al . 
[21]  using  a  differentially-pumped  crossed-beam  scattering  system  shown  in 
Fig.  9.  The  scattering  occurs  in  a  "field-free"  region  where  the  projectile 
e'*^>"  beam  passes  through  a  target  gas  beam  (effusing  from  a  multi-channel 
capillary  array  source)  and  the  scattered  positrons  are  detected  at  angles 
ranging  from  30  to  135°.  The  retarding  elements  preceding  detector  #2  are 
used  to  reject  any  inelastically  scattered  positrons.  Detector  #1  is  offset 
from  the  primary  beam  direction  so  that  it  will^not  respond  to  any  high  energy 
positrons  that  may  be  coming  directly  from  the  22^0  e'*'  source.  In  order 
to  obtain  relative  DCS  results,  a  constant  "head"  pressure  is  maintained  on 
the  capillary  array  atom  source  and  the  ratio  of  the  scattered  positron  beam 
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(From  Coleman  et  al..  Ref.  49) 


FIGURE  S 

DCS  results  for  e''’-Ar  scattering. 
(From  Coleman  and  McNutt,  Ref.  20) 


intensity  to  the  primary  beam  intensity  is  measured.  The  initial  DCS 
measurements  of  Kauppila  et  al .  for  100  eV  positrons  and  electrons  elastically 
scattered  by  Ar  are  shown  in  Fig.  10  where  they  are  normalized  to  prior  work 
at  either  60  or  90°  (indicated  by  an  "N“  in  the  figure)  and  compared  with 
other  experimental  [52]  and  theoretical  [53,54]  results.  The  relative  shapes 
of  the  respective  e'*'’”  results  of  Kauppila  et  al .  [21]  are  in  good  agreement 
with  the  prior  results.  Unfortunately,  the  measurements  for  positrons  do  not 
extend  down  to  sufficiently  small  angles  to  provide  a  check  of  the  structure 


FIGURE  9 

Experimental  setup  for  OCS  measurements.  (From  Kauppila  et  al..  Ref.  21) 
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FIGURE  10 

Elastic  DCSs  for  e'*'>"-Ar  at  100  eV.  (From  Kauppila  et  al.,  Ref.  21) 


predicted  by  the  polarized  orbital  calculations  of  McEachran  and  Stauffer  [54] 
for  angles  less  than  30°.  However,  since  the  predicted  structure  shifts  to 
larger  angles  for  lower  e'*'  energies  [54],  it  should  be  somewhat  easier  to 
check  for  the  presence  of  such  structure  at  lovier  energies.  It  is  also  to  be 
noted  that  the  shape  of  the  theoretically  predicted  [54]  DCS  curve  for 
positrons  at  100  eV  Is  appreciably  different  from  that  for  electrons  [53]. 


5.  INELASTIC  SCATTERING  INVESTIGATIONS 

5.1  Cross  Sections  for  Ps  Formation  and  Ionization  bv  Positron  Impact 

In  this  section  we  will  focus  our  attention  on  recent  relatively  direct 
approaches  for  measuring  Qpj  and  Ionization  cross  sections  and  we  refer  the 
reader  to  Refs.  6-8,  10,  and  55  for  discussions  of  earlier  indirect 
approaches.  The  first  direct  measurements  of  the  energy  dependence  of  the 
ortho-positronium  (o-Ps)  formation  cross  section  in  He,  Ar,  H2,  and  CH4 
were  made  by  Charlton  et  al .  [11]  by  passing  a  slow  e'*’  beam  through  a 
scattering  chamber  and  counting  triple  coincidences  from  the  3  gamma  decay  of 
o-Ps.  Using  a  higher  e’*'  beam  intensity  and  an  improved  data  collection  and 
analysis  system,  Charlton  et  al .  [12]  and  Griffith  [13]  have  respectively 
reported  more  recent  Opj  values  in  the  noble  gases  [12]  and  some  molecular 
gases  [13]  from  threshold  to  150  eV.  Their  relative  measurements  were  put  on 
an  absolute  scale  by  normalizing  to  Qj-  -  Qf  below  the  respective 
excitation  thresholds. 

Experiments  have  been  set  up  at  the  University  of  Texas  at  Arlington 
[14,18,56]  and  at  the  University  of  Bielefeld  [19]  which  can  provide  cross 
sections  for  Ps  formation  and  for  ionization  by  e'*’  Impact.  At  the 
University  of  Texas  at  Arlington,  Fornari  et  al .  [14],  and  more  recently, 

Diana  et  al .  [56]  have  measured  absolute  cross  sections  for  Ps  formation  in 
e''’-He,  Ar,  and  H2  collisions  using  a  technique  which  Is  complementary  to 
that  of  Charlton  et  al.  [11,12].  Rather  than  detecting  Ps  formed  In  a  gas 
cell,  Fornari  et  al .  and  Diana  et  al .  detect  all  the  positrons  which  leave  the 
gas  cell  without  forming  Ps.  The  earlier  approach  by  Fornari  et  al .  [14] 
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employed  a  TOF  spectrometer.  In  the  most  recent  version  of  the  University  of 
Texas  at  Arlington  Qps  experiments  [56,57]  (shown  schematically  in  Fig.  11). 
some  simple  modifications  were  made  so  that  the  apparatus  could  be  used 
without  timing  to  directly  measure  Opj.  The  gas  to  be  studied  fills  the 
entire  region  between  the  source  and  detector  (CEM).  The  constant  210  G  axial 
magnetic  field  in  the  scattering  region  constrains  essentially  all  positrons 
to  helical  paths  that  eventually  reach  the  CEM  detector.  The  moderator  mesh 
to  which  the  potential  that  determines  the  e*  beam  energy  is  applied, 
reflects  backscattered  positrons.  The  cylindrical  retarding  field  analyzer 
permits  the  accumulation  of  integral  spectra.  Qps  is  calculated  using 

QPs  =  TpsOp/Fy 

where  Fp^  is  the  fraction  of  positrons  forming  Ps  in  a  given  time  period, 

Qx  values  are  obtained  from  the  direct  measurements  of  that  quantity  by 
other  groups,  and  Fp  is  the  fraction  of  incident  positrons  scattered  through 
any  channel . 

The  group  at  the  University  of  Texas  at  Arlington  has  used  tne  same 
apparatus  as  used  in  their  Qpj  measurements  to  measure  ionization  cross 
sections  [18]  (Qjon)-  Qion  determined  using 

Oion  °  ^ionOT/FT» 

where  F,-gf,  is  the  fraction  of  incident  positrons  that  produce  ions,  which  is 
determined  from  counting  rates  obtained  with  the  CEM  potentials  set  for 
counting  electrons,  Qj  is  obtained  from  prior  Qy  measurements,  and  Fy  is 
the  fraction  of  incident  positrons  that  are  scattered  through  any  channel. 

At  the  University  of  Bielefeld,  the  apparatus  shown  schematically  in  Fig. 

12  has  been  used  to  measure  [19]  cross  sections  for  the  ionization  of  helium 
by  e-*"  impact  both  with  and  without  Ps  formation.  The  same  apparatus  is  also 
used  to  measure  e"  impact  ionization  cross  sections.  Beam  transport  is 
accomplished  by  a  200  to  350  G  longitudinal  magnetic  guiding  field  and 
electrostatic  lenses.  The  scattering  tube  consists  or  a  1  cm  oiamctc',  50  cm 
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FIGURE  11 

Experimental  set-up  for  measuring  Qpj  and  (From  Diana,  Ref.  57) 
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long  glass  cylinder  lined  with  a  tungsten  spiral.  In  order  to  extract  the 
ions,  a  potential  gradient  is  established  in  the  cylinder  by  passing  current 
through  the  tungsten  spiral.  The  ta'-get  gas  is  supplied  at  the  center  of  the 
tube  which  is  differentially  pumped  at  both  ends.  After  leaving  the  gas 
target,  transmitted  positrons  and  ions  are  accelerated  and  enter  an  EXB  mass 
analyzer.  The  positrons  are  not  strongly  affected  and  pass  on  toward  a 
microchannel  plate  (detector  1)  whereas  the  ions  are  deflected  upwards  and 
pass  through  a  mesh  onto  a  second  microchannel  plate  (detector  2).  The  ion 
production  rate  is  measured  as  a  function  of  the  projectiles'  energy.  The 
e"*^  and  the  ion  signals  are  processed  by  a  time-to-ampl  i  tude  converter  (TAG). 
Ions  which  are  time  correlated  with  an  e'*'  originate  from  ionization  without 
Ps  formation.  Uncorrelated  ions  are  due  to  Ps  formation.  By  counting  all 
ions  produced,  e^  impact  ionization  cross  sections,  with  and  without  Ps 
formation,  (O’'^ion  QPs)  measured.  To  determine  absolute  values  of 
(Q^ion  QPs)>  ^  normalization  procedure  was  used  where  the  ratio  of  the 
ion  rates  produced  by  e'*'  and  e"  was  formed  and  normalized  to  unity  between 
200  and  400  eV  based  upon  the  known  merging  of  e'*'  and  e"  total  cross 
sections  above  200  eV.  Then  the  ratios  were  multiplied  v.'ith  the  e" 
ionization  cross  sections  from  the  literature.  One  possible  difficulty  with 
this  normalization  procedure  is  that  although  the  e'''-He  and  e'-He  Or 
values  have  been  observed  to  merge  near  200  eV,  there  are  indications  (refer 
to  Sec,  3)  that  the  separate  processes  (inelastic  and  elastic)  that  contribute 
to  Or  are  not  even  close  to  merging  at  200  eV,  so  the  assumption  that  the 
ionization  cross  sections  for  e'*'  and  e'  He  impact  are  merged  at  200  eV  and 
above  can  be  questioned.  The  cross  sections  for  ionization  without  Ps 
formation,  Q'''ion»  "sp®  derived  from  the  MCA  spectra  using  a  normalization 
procedure  essentially  the  same  as  that  described  above.  From  the  difference 
between  (Q'^ion  QPs)  4nd  Q'^ion.  QPs  obtained. 

Measurements  [12,14,19,56]  of  Qpj  for  e'''-He  collisions  are  shown  in 
Fig,  13  along  with  a  recent  polarized  orbital  calculation  [58],  There  is 
reasonable  agreement  between  the  measurements  of  Fornari  et  al ,  [14],  Diana  et 
al ,  [56],  and  Sinapius  et  al .  [19]  below  40  eV,  while  above  40  eV,  the 


FIGURE  12 

Schematic  diagram  of  the  apparatus  used  for  measuring  e’^  and  e'  impact 
ionization  cross  sections.  (From  Sinapius  et  al . ,  Ref.  19) 
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measurements  of  Diana  et  al.  are  somewhat  higher  than  those  of  Sinapius  et  al. 
The  measurements  of  Charlton  et  al .  [12]  are  much  lower  than  the  measurements 
of  the  other  groups  over  most  of  the  energy  range.  The  polarized  orbital 
calculation  of  Khan  and  Ghosh  [58]  agrees  quite  well  with  the  measurements  of 
Sinapius  et  al . 

Measurements  [17-19]  of  e'*'  impact  ionization  cross  sections  without  Ps 
formation  (Q'''ion)  for  e'''-He  collisions  are  shown  in  Fig.  14  along  with  a 
theoretical  calculation  [59]  of  Q'''ion  ^hd  measurements  [60]  of  e"  impact 
ionization  cross  sections,  Q'jon.  The  preliminary  results  of  Sinapius  et 
al  .  [19]  shown  in  Fig.  14  indicate  that  Q'^ion  significantly  higher  than 
Q'ion  below  200  eV.  This  is  in  contradiction  to  Sueoka's  results  [17]  for 
0  ion  which  are  close  to  the  values  of  Q'ion-  ^be  calculations  of 
Basu  et  al  .  [59]  (approximations  DW2  and  FBA  in  Ref.  59)  agree  well  with  the 
data  of  Sinapius  et  al .  [19]. 

A  comparison  of  the  results  of  Sinapius  et  al .  [19]  shown  in  Figs.  13  and 
14  indicates  [19]  that  below  50  eV,  He  impact  ionization  is  dominated  by  Ps 
formation.  The  cross  sections  for  both  reaction  channels  that  lead  to 
ionization  reach  roughly  the  same  maximum  value  (0.4  x  lO'lb  (;i„2)  pyt 
different  energies  (40  eV  for  Qp,;  and  90  eV  for  Q+ion)- 


FIGURE  13 

Ps  fcrnation  cross  sections  (Ops). 
Symbols;  closed  circles  -  Sinapius  et 
al.  [19],  inverted  triangles  -  Fornari 
et  al.  [14],  normal  triangles  -  Diana 
et  al.  [56],  squares  -  Charlton  et  al . 
[12],  dash-dot  curve  -  Khan  and  Ghosh 
(polarized  orbital  calculation)  [58]. 
(From  Sinapius  et  al.,  Ref.  19) 


FIGURE  14 

Positron  impact  ionization  cross  sec¬ 
tions  without  Ps  formation  (O'^ion)- 
Symbols:  closed  dries  -  Sinapius  et 
al.  [19],  diamonds  -  Sueoka  [17], 
triangles  -  Diana  et  al .  [18],  dash-dot 
curve  -  Basu  et  al .  (DW2)  [59],  solid 
line  -  Montague  et  al .  (Q'-jon)  t60]. 
(From  Sinapius  et  al..  Ref.  19) 
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5.2  ExdtJtion  Cross  Sections 

Using  the  TOP  apparatus  shown  in  Fig.  7  (the  same  apparatus  used  for 
measurements  of  differential  cross  sections),  Coleman  and  Hutton  [15]  have 
obtained  lower  bounds  on  total  excitation  cross  sections  for  23-31  eV  e'''-He 
collisions.  Well-defined  secondary  peaks  were  observed  in  the  TOP  spectra 
corresponding  to  e'*'  which  have  lost  20.6  eV  of  energy  and  have  been 
scattered  in  the  forward  direction  at  angles  less  than  70°.  At  incident 
e'*'  energies  above  30  eV,  a  secondary  peak  associated  with  ionization 
Overlaps  the  excitation  peak,  making  it  difficult  to  assign  excitation  cross 
sections.  According  to  the  interpretation  of  Coleman  and  Hutton,  the 
secondary  peak  corresponding  to  a  20.6  eV  energy  loss  indicates  that  in  the 
projectile  energy  range  from  23  to  31  eV,  the  total  excitation  cross  section 
is  dominated  by  excitation  of  the  2^S  state  and  that  there  is  appreciable 
Small  angle  scattering  associated  with  this  excitation  process.  However, 
there  is  some  question  [61]  as  to  whether  a  significant  part  of  the  signal 
observed  by  Coleman  md  Hutton  could  be  associated  with  the  Z^P  state  and/or 
with  appreciable  elastic  scattering  at  an  appropriate  angle.  The  work  of 
Coleman  and  Hutton  was  extended  to  Ne  and  Ar  and  lower  bounds  on  "excitation 
plus  ionization"  cross  sections  have  been  measured  for  He,  Ne,  and  Ar  [16]. 
Sueoka  [17]  has  extended  the  technique  of  Coleman  and  Hutton  to  obtain 
excitation  cross  sections  in  He  to  120  eV  by  employing  retarding  field 
analysis  to  discriminate  against  positrons  losing  energy  through  ionization. 

A  possible  partition  scheme  [62]  for  Q]-  in  He  is  shown  in  Fig.  15.  The 
Qj  curve  (labeled  in  Fig.  15)  is  a  smoothed  line  through  ava'lable 
experimental  data  [6J.  The  total  elastic  cross  section  (Qel)  is 
extrapolated  from  below  the  first  inelastic  threshold  (1^8  eV)  to  match 
calculated  values  [63]  for  energies  greater  than  150  eV.  Qpj  in  Fig.  15 
represents  the  smoothed  data  of  Fornari  et  al.  [14].  is  the  total 

ionization  cross  section  for  e"-He  scattering  [60,64].  Up  to  the  broken 
vertical  line,  the  Q'''ion  measurements  of  Sueoka  [17]  agree  with  the  e" 
values  to  within  experimental  uncertainties.  Qex  is  the  total  cross  section 
for  the  singlet  excitation  of  He  by  e'  impact  [62].  Contributions  to  Oex 
from  triplet  excitations  are  neglected  since  they  proceed  primarily  via 
exchange,  which  is  absent  in  e'^  scattering.  The  vertically  hatched  region 
is  the  l^S  -  21$  excitation  cross  section  measured  by  Sueoka  [17]  and  the 
black  region  is  the  same  cross  section  measured  by  Coleman  et  al .  [65]. 
Finally,  the  horizontally  hatched  region  is  based  on  the  experimental  values 
for  the  total  cross  section  for  excitation  +  ionization  of  Coleman  et  al . 

[65].  The  partitioning  scheme  shown  in  Fig.  15  suggests  [62]  that  considering 
the  experimental  uncertairties,  the  partial  cross  sections  shown  in  Fig.  15 
essentially  add  to  give  a  result  close  to  the  directly  measured  (Ip  values 
[6],  suggesting  a  consistency  between  the  measured  (Jp  values  and  the  partial 
cross  sections  shown  in  Fig.  15.  The  Qpj  values  of  Charlton  et  al .  [12]  on 
the  other  hand  would  not  lead  to  such  a  consistency. 


6.  SOME  FUTURE  fllRECTIONS 

In  the  area  of  e'*'  Qp  measurements,  atomic  hydrogen  has  not  yet  been 
studied  experimentally.  This  system  is  of  particular  theoretical  interest 
because  of  the  relatively  simple  structure  of  atomic  hydrogen.  Positron-H 
Qp  measurements  present  a  challenge  to  experimenters  because  of  the 
difficulty  of  producing  sufficiently  intense  low  energy  e'*’  beams  coupled 
with  the  difficulty  of  producing  an  atomic  hydrogen  gas  target  with  a 
Sufficiently  high  number  density.  In  addition  to  the  intriguing  possibility 
of  making  direct  comparisons  between  e''’-H  and  e“-H  scattering  in  the  same 
experimental  system  using  the  same  technique,  there  would  be  definite  interest 
in  searching  for  scattering  resonances  for  this  system,  since  such  resonances 
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FIGURE  15 

Partial  cross  sections  for  e'''-He  scattering.  (From  Coleman  et  al.,  Ref.  62) 


have  been  predicted  to  exist  for  e'''-H  scattering  just  below  the  n  =  2  atomic 
excitation  threshold  [66]  and  associated  with  the  first  excited  state  of  Ps  in 
the  e'''-H  system  [67].  Up  to  the  present  time,  there  have  not  been  any 
experimental  observations  of  e'*’  scattering  resonances.  Stein  et  al .  [33] 
have  used  their  narrow  energy  width  (<0.1  eV)  e'*’  beam  in  a  transmission 
experiment  to  search  for  e+  scattering  resonances  over  1.0  eV  ranges 
centered  near  the  Ps  formation  threshold  (9.0  eV)  and  the  lowest  atomic 
excitation  threshold  (11.5  eV)  for  Ar  and  near  20.375  eV  in  He  (above  the  Ps 
formation  threshold  and  just  below  the  first  singlet  excitation  of  He)  where 
some  possible  theoretical  evidence  of  a  resonance  in  the  e^-He  system  has 
been  provided  by  Ho  and  Fraser  [68].  However,  up  to  the  present  time  there 
have  been  no  observations  of  e'*'  scattering  resonances.  Positron  beam 
technology  has  improved  to  the  point  where  it  should  be  feasible  to  measure 
e''’-H  Qt  values,  and  search  for  resonances,  using  standard  techniques  for 
producing  atomic  hydrogen. 

There  is  clearly  much  more  work  to  be  done  in  measuring  Qj  values  for 
e''’-alkali  metal  atom  collisions,  since  the  only  such  atom  which  has  been 
studied  thus  far  for  positrons  is  potassium  [22].  Lithium  and  sodium,  being 
relatively  simple  in  structure,  would  be  interesting  candidates  for  e'*'  Qf 
measurements  from  a  theoretical  point  of  view.  It  would  be  of  interest  in  the 
case  of  the  other  alkali  atoms  (besides  K)  to  see  to  what  extent  (if  any)  the 
tendency  is  present  for  the  e'*’  and  e"  Oj  values  to  be  close  together 
over  the  entire  energy  from  a  few  eV  up  to  50  eV  as  it  is  in  the  case  of  K. 

In  the  area  of  differential  scattering  cross  section  measurements,  it  would 
be  interesting  to  see  if  critical  points  [69]  (minima  in  the  differential 
scattering  cross  section  where  a  small  change  in  either  the  incident  electron 
energy  or  the  scattering  angle  is  associated  with  an  appreciable  increase  in 
the  differential  scattering  cro‘'s  section)  exist  for  e''’-atom  scattering  as 
tney  do  for  e'-atom  scattering,  Wadehra  et  al .  [70]  have  theoretically 
predicted  that  critical  points  exist  for  the  elastic  scattering  of  low  energy 
positrons  by  Ar,  Kr,  and  Xe,  between  1  and  2  eV  and  between  95°  and  96° 
and  have  demonstrated  that  these  points  arise  due  to  low-energy  diffraction 
effects.  A  determination  of  the  critical  points  could  provide  a  sensitive 
test  for  the  atomic  potential  used  in  the  calculations,  and  an  experimental 
verification  of  the  critical  points  for  heavier  atoms  could  provide  a  means 
for  improving  our  knowledge  of  the  atomic  potentials  for  these  atoms  which  are 
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generally  not  known  very  accurately  [70]. 

Mow  that  the  first  steps  have  been  taken  towards  making  direct  measurements 
of  Qion«  it  would  be  of  interest  to  investigate  the  threshold  behavior  for 
ionization  by  electrons  and  positrons  in  view  of  the  prediction  by  Geltman 
[71]  that  there  is  a  very  large  difference  between  the  threshold  behavior  for 
atomic  ionization  by  e"  and  e^  impact.  The  experimental  approach 
developed  by  the  University  of  Bielefeld  group  [19]  may  be  suitable  for 
conducting  such  investigations  in  the  future. 
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THE  COULOMB  THREE-BODY  PROBLEM  :  THE  ELECTRON  HYDROGEN  SYSTEM 
Erich  WEIGOLD 

Flinders  University  of  S.A.,  Adelaide,  South  Australia ,  5042. 


Triple  differential  cross  sections  for  the  ionization  of  atomic  hydrogen  in 
the  intermediate  energy  regime  are  discussed  in  terms  of  theoretical 
approximations  based  on  the  Born  series  (Bl,  B2,  EBS,  and  DWBA)  and  on  the 
multiple  scattering  expansion  (DWIA).  First  order  plane  wave  theories  are 
incapable  of  describing  the  data,  and  the  inclusion  of  higher  order  effects 
is  essential.  The  impulse  approximation  works  very  well  in  the  high  momen¬ 
tum  transfer  region,  whereas  the  Born  series  approach  works  best  in  the 
region  of  very  small  momentum  transfer.  Some  fundamental  difficulties  re¬ 
main  in  the  intermediate  region. 


1.  INTRODUCTION 

The  ionization  of  atoms  by  electron  impact  is  one  of  the  most  interesting 
processes  in  the  field  of  atomic  collisions.  Besides  being  a  process  of  great 
interest  in  plasma  physics  and  astrophysics,  it  has  led  to  the  development  of  a 
new  spectroscopy  -  electron  momentum  spectroscopy  -  which  has  yielded  a  much 
deeper  understanding  of  the  structure  of  atoms  and  molecules.  It  also  provides 
an  extremely  interesting  and  challenging  problem  in  the  basic  understanding  of 
collision  problems.  The  breakup  channel  exhibits  all  the  difficulties  of  many- 
body  scattering  theory  coupled  with  the  special  problems  of  the  infinite  range 
of  the  Coulomb  interaction. 

The  most  detailed  information  on  the  dynamics  of  electron  impact  ionizing 
collisions  is  obtained  by  means  of  the  triple  differential  or  (e,2e)  cross 
section,  in  which  the  kinematics  are  completely  determined.  The  energy  Eq  of 
the  incident  electron  is  known,  and  the  energies  Ea  and  Eg  and  directions  of 
motion  (9a,<J>a)  (6b><I’B)  relative  to  the  incident  direction  are  determined 

for  the  two  emitted  electrons.  The  experiments  may  conveniently  be  divided  in¬ 
to  two  broad  kinematic  regimes,  depending  on  the  magnitude  of  the  momentum 
transfer  K  =  ito  -  kA,  where  electron  A  is  conventionally  assumed  to  be  the 
"scattered"  electron  with  Ea  >  Eg. 

First  we  have  the  regime  of  high  momentum  transfer  (K  i  6  a.u.)  between  the 
"scattered"  electron  and  the  target.  The  most  important  class  of  experiments 
in  this  category  are  those  using  symmetric  kinematics,  i.e.  Ea  =  Eg  and 
0A=3B~0  at  high  incident  energies.  These  high  momentum  transfer  experiments 
are  dominated  by  close  encounters  between  the  incident  and  struck  electron  and 
they  yield  structure  information  on  the  target  and  ion  in  the  form  of  target 
electron  momentum  probability  distributions  and  electron  separation  energy 
spectra.  They  are  sometimes  referred  to  as  binary  (e,2e)  experiments  or 
electron  momentum  spectroscopy  (EMS)(1). 

The  other  broad  category  of  U.2e)  collisions  consists  of  those  having  low 
momentum  transfer.  Such  collisions  dominate  the  total  ionization  cross  section. 
These  experiments  generally  involve  asymmetric  kinematics  in  which  Ea  >>  Eg  and 
8A  <<  OB-  At  high  incident  energies  and  0a  =  0,  kA  ko,  K  «>  0,  these  experi¬ 
ments,  known  as  dipole  (e,2e)  experiments,  also  give  structure  information(2) . 

In  the  limit  as  K-K)  these  experiments  simulate  photo-electron  spectroscopy, 
with  the  absorbed  photon  having  energy  "ho"  =  Eq-Ea- 

Measurements  of  the  triple  differential  cross  section  in  the  asymmetric 
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regime  provide  a  fundamental  testing  ground  for  various  theoretical  approaches 
to  the  ionization  problem.  These  experiments  were  pioneered  by  Ehrhardt  and 
coworkers { 3) ,  who  have  produced  extensive  measurements  of  the  triple  dif¬ 
ferential  cross  section  for  helium  as  well  as  some  other  targets.  With  a  tar¬ 
get  of  atomic  hydrogen  the  ionization  problem  is  greatly  simplified,  since  the 
bound-state  wave  functions  are  known  exactly,  as  are  the  two-body  potentials 
within  the  three-body  system.  We  have  a  pure  three-body  problem  with  known 
forces,  namely  the  three-body  Coulomb  problem.  Unfortunately  it  is  difficult 
to  formulate  the  Coulomb  three-body  problem  in  a  way  that  leads  to  a  manifestly 
-convergent  approximation  scheme  for  ionization. 

The  detailed  understanding  of  electron  impact  ionization  of  ato'iic  hydrogen 
is  therefore  of  great  fundamental  interest.  It  provides  the  simplest  testing 
ground  for  any  theory  of  ionization,  and  provides  a  tool  for  investigating  any 
general  three-body  theory  involving  the  electromagnetic  interaction.  In  prac¬ 
tical  terms,  the  major  theoretical  thrust  required  in  improving  our  under¬ 
standing  of  the  ionization  process  must  be  concerned  with  developing  a  better 
description  of  the  incident  channel,  of  the  three-body  final  state,  and  of  the 
collision  process. 


2.  THEORY 

2.1  Electron-Hydrogen  Scattering 

In  order  to  describe  even  the  first  of  the  above  three  aspects  of  the  ion¬ 
ization  problem  we  must  be  able  to  describe  electron-hydrogen  scattering.  It 
is  outside  the  scope  of  this  review  to  discuss  in  detail  the  progress  achieved 
in  this  problem,  which  of  course  is  also  a  three-body  problem.  However,  it  is 
relevant  to  point  out  that  our  understanding  is  still  incomplete,  especially  in 
the  intermediate  energy  region.  For  instance  the  coupled  channel  optical  model 
(CCO)  method  of  McCarthy  and  coworkers(^)  is  one  of  the  most  ambitious  theoret¬ 
ical  approaches  to  electron-hydrogen  scattering.  In  CCO  method  the  set  of 
reaction  channels  (defined  by  the  target  states)  is  divided  into  two  sets  P  and 
Q  projected  by  operators  P  and  Q.  The  discrete  set  P  is  treated  by  solving  the 
coupled  integral  equations  of  the  momentum  representation  using  the  electron- 
electron  potential  operator 

v(Q)  =  v(l+(-)^P^)  +  v(l+(-)^P^)Q  Q(l+(-)^Pp)v  .  (1) 

where  v  is  the  actual  electron-electron  potential,  S  is  the  total  spin,  P^.  is 
the  space-exchange  operator  and  H  is  the  Hamiltonian  for  the  scattering  problem. 
The  last  term  in  (1)  is  a  complex  polarization  potential  for  which  (1)  gives  a 
formal ly-exact  rearrangement  of  the  scattering  problem  for  states  in  the  P  set. 
It  mainly  takes  care  of  ionized  channels,  which  are  treated  approximately  by 
integrating  over  the  kinematic  degrees  of  freedom  using  the  second-order 
approximation  with  the  screening  correlation.  This  treatment,  unlike  methods 
that  treat  the  continuum  as  a  set  of  normalized  pseudostates,  gives  a  good  des¬ 
cription  of  the  total  reaction  (inelastic  plus  ionization)  cross  section. 

Figure  1  shows  the  calculated  differential  cross  sections  at  54  eV  for  elas¬ 
tic  scattering  and  excitation  of  the  n=2  states{4)  compared  with  the  measured 
values  of  Williams(3,6)  and  in  the  case  of  elastic  scattering  also  with  the 
measurements  of  Lloyd  et  al(7).  The  agreement  appears  to  be  excellent.  How¬ 
ever,  I  should  point  out  that  for  elastic  scattering  the  theory  has  been  norma¬ 
lized  to  the  data,  the  theoretical  cross  sections  being  too  large  by  a  factor 
of  about  1.2.  In  addition  for  the  excitation  of  the  2p  state  the  calculation 
gives  the  wrong  values  for  the  \  and  R  parameters  for  angles  greater  than  about 
60°.  Other  approaches,  such  as  coordinate  space  coupled-channels  calcu- 
lations(8)  and  calculations  using  pseudostates  to  mimic  the  effects  of  higher 
energy  channels  (e.g.  ref.  9),  give  results  in  similar  disagreement  with 
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FIGURE  1 

The  coupled  channel  optical  model  (ref  4)  cross  sections  for  elastic  and  in¬ 
elastic  electron  scattering  of  54  eV  electrons  from  atomic  hydrogen  compared 
with  the  data  of  Will iams(7>6)  (*)  and  Lloyd  et  al(^)  (x). 


experiment.  The  large  angle  1  and  R  parameters  describing  the  excitation  of 
the  2p  magnetic  substates  depend  sensitively  on  the  details  of  the  approxi¬ 
mation  used.  However,  it  is  rather  surprising  that  there  is  significant  dis¬ 
agreement  between  the  calculated  and  measured  absolute  elastic  cross  sections. 

It  is  obviously  important  to  repeat  the  experiments.  New  independent  measure¬ 
ments  we  are  making  at  Flinders,  although  only  preliminary,  support  the  earlier 
measurements.  The  new  measurements  concentrate  on  measuring  accurately  the 
ratio  of  n=2  excitation  to  elastic  scattering,  since  this  ratio  can  be  measured 
more  accurately  than  absolute  cross  sections.  Therefore  I  believe  it  is  still 
too  early  to  say  that  this  relatively  simple  part  of  the  ionization  problem  is 
completely  understood. 

2.2.  The  (e,2e)  cross  section 

Let  me  now  turn  to  a  discussion  of  the  (e,2e)  cross  section  itself.  The 
scattering  amplitude  for  the  three-body  problem  of  ionization  of  atomic  hydro¬ 
gen  is  defined  by 

M  =  <4(-)|T|4*'*^>  ,  (2) 

where  T  is  the  three-body  T  matrix  for  the  electron-hydrogen  system.  The  wave 
functions  indicate  incoming  and  outgoing  boundary  conditions,  respectively. 
In  order  to  solve  this  problem  we  must  make  approximations  to  the  three-body  T 
matrix  as  well  as  for  yg  t-gn  ^jg^g  approximations  for  T  using  various  ex¬ 

pansions  and  two-body  operators. 

For  the  electron  hydrogen  problem  it  is  convenient  to  label  the  incident 
electron-proton  system  by  1,  the  target  electron  system  by  2,  and  the  electron- 
electron  system  by  3.  We  indicate  the  incoming  electron  by  tiie  subscript  1  and 
the  bound  electron  by  subscript  2. 

2.2.1.  The  Born  Series 

In  our  notation  the  two-body  potentials  in  the  system  are  vj,  vj,  and  V3, 
where  Vj  is  the  potential  between  the  incident  electron  and  the  ion,  vp  is  the 
potential  between  the  bound  electron  and  the  ion,  and  V3  is  the  interelectron 
potential.  Using  the  Lippmann-Schwinger  equation,  the  three-body  T  matrix  may 
be  written  in  terms  of  these  potentials  and  the  Green's  function  G  for  the  sys¬ 
tem  as 
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T  =  V+VGV  (3) 

=  (v^+V3)+(v^+V3)6(vj+V3)  ,  (4) 

where  we  have  partitioned  the  Hamiltonian  such  that 

V  =  Vj+Vj  .  (5) 

Introducing  the  Green's  function  Gg  for  the  interaction  of  the  target  elec¬ 
tron  with  the  proton,  we  may  iterate  this  equation  to  produce 

T=  (vj+V3)+(vj+V3)G^(Vj+V3)+(v3+V3)Gj^(Vj+V3)Gj^(vj+V3)+  ...  (6) 

which  is  simply  the  Born  series  expansion  for  the  three-body  T  matrix. 

Taking  as  an  approximation  to  the  T  matrix  th°  first  term  of  the  above  ex¬ 
pansion  yields  the  first-order  Born  (Bl)  approximation. 

The  scattering  amplitude  in  this  approximation  may  be  written 

”b1  = 

where  ijio  is  the  bound  s^ate  of  the  target,  in  this  case  the  ground  state  of 
atomic  hydrogen.  x'"^(kB)  is  a  distorted  wave  which  in  practice  may  be  approx¬ 
imated  by  a  plane  wave  (plane  wavg.  Born  approximation)  or  Coulomb  wave 
(Coulomb-Born  approximation)  and  kn.  ko  i"epi^esent  plane  waves. 

Including  both  first-  and  second-order  terms  of  the  Born  expansion  in  the 
approximation  to  the  T  matrix  yields  the  second  Born  approximation  (B2) 

The  eikonal -Born-series  (EBS)  calculation  attempts  the  logical  extension  to 
third  order  in  the  Born  expansion  by  approximating  the  third-order  Born  term  in 
the  scattering  amplitude  by  the  third-order  term  of  an  eikonal  multiple 
scattering  (Glauber)  expansion.  The  eikonal  Born  Series  has  been  developed  by 
Joachain  and  Byron(lO),  and  applied  by  them  and  coworkers  to  the  triple  differ¬ 
ential  ionization  cross  sections  in  helium(ll)  and  more  recently  hydrogen 
(12,13). 

The  distorted  wave  Born  approximation  (DWBA)  which  takes  the  incident  and 
fast  outgoing  electron  waves  in  the  matrix  element(7)  to  be  fully  distorted 
waves,  has  also  been  applied  to  the  calculation  of  triple  differential  cross 
sections  for  both  atomic  hydrogen  and  helium  target5”4-18) 

2.2.2.  The  Impulse  Approximation 

The  multiple  scattering  series  for  T  prises  from  iterating  the  three-body 
equations  for  finite-range  potentialsll^',  and  up  to  second  order  it  is 

T  =  (t3+t2GQt3)+(t3+t2Gjjtj)+tjG^jt3+t3Gptj  ,  (9) 

where  t^  is  the  two-body  t-matrix  in  the  three-body  space  for  the  interaction 
of  the  pair  i  (tpv.j+v.jGgt.j).  In  the  impulse  approximation  the  three-body  T 
matrix  is  approximated  by  the  first  order  term  in  (9),  that  is 

T  =  t3+t3  (10) 

The  operators  in  (9)  are  grouped  to  show  the  relationship  to  the  distorted-wave 
impulse  approximation,  which  involves  some  terms  up  to  fourth  order. 

'^DWIA  ^  '(kft)x^  ^(kg)  |t3+tj  |i()2X^ 

Neglecting  the  proton  kinetic  energy,  the  tj  term  vanishes  if  x^'^(i<R)  is  cal¬ 
culated  with  the  bare  Coulomb  potential  since  it  is  then  orthogonal  to  iI'b- 
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The  tj  term  can  also  be  neglected  in  the  case  where  we  can  treat  the  proton  (or 
ion)  as  a  spectator  in  first  order.  This  is  generally  assumed  to  be  the  case 
in  the  kinematic  region  involving  a  large  momentum  transfer  to  particle  2. 

This  approximation  T  =  t,  which  takes  the  T-matrix  to  be  independent  of  the  ion 
coordinates  is  the  binary  encounter  approximation.  The  above  form  of  the  scat¬ 
tering  amplitude,  even  in  the  binary  encounter  approximation,  involves  a  nine¬ 
dimensional  integral.  Numerical  implementation  of  Eq.  (11)  involves  using  the 
factorization  approximation  which  yields 

M  =  <i<' •  (13) 

where  q  is  the  ion  (proton)  recoil  momentum  i<Q-k/\-l<B,  t,^  is  the  hal f-off-shel  1 
two-body  electron-electron  Coulomb  t  matrix  with  exchange  for  spin  state  m,  and 

k'  =  ^  ^ 

2.3.  Coulomb  Three-Body  Boundary  Coi.uitions 

The  main  difficulty  with  the  above  approach  for  Coulomb  interactions  is  the 
three-body  boundary  condition,  a  problem  related  to  the  logarithmic  dependence 
of  the  Phase  of  the  screened  two-body  Coulomb  t-raatrix  on  the  screening  para- 
meter(20).  jf  the  three-body  wave  function  is  approximated  by  a  product  of  two 
distorted  waves,  a  necessary  condition  for  choosing  effective  charges  to  elimi¬ 
nate  the  logarithmic  singularity  in  the  phase  has  been  given  by  Rudge(31).  It 
is  a  constraint  on  the  effective  charges  and  Zg  for  the  electrons  detected 
at  A  and  B,  and  the  condition  is 

,.S) 

A  'b  'a  '^B  |k^-kgl 

The  same  result  is  obtained  classically  by  requiring  the  energy  of  the  two 
effective  charges  interacting  with  the  ion,  but  not  with  each  other,  to  be  the 
same  as  the  energy  of  the  system  of  two  electrons  and  the  ion  with  Coulomb 
forces  between  all  pairs.  However,  the  asymptotic  condition  (15)  does  not  de¬ 
fine  the  effective  charges  uniquely,  and  a  suitable  choice  still  has  to  be 
made.  In  the  case  of  hydrogen,  with  a  proton  and  two  free  electrons  in  the 
final  state,  the  distorted  waves  xAili  simply  Coulomb  waves  with  the  effec¬ 
tive  charges  Z^  and  Zg.  '  ' 

The  differential  cross  section  is 

df2^d^gdE“ 

whsrs 

f(^A’'^B^  "  (2iT)-^M'(ir^,kg)e’*  , 


the  matrix  element  M 

at 

where 


^A-kg) 


is  equivalent  to  the  direct  term  of  M,  and 
2[(Z^/k^)ln(k^/X)+(Zp/kg)ln(kg/X)]  , 


X2  = 


2.4.  Low-order  Structure  of  the  Approximations 

For  extremely  asymmetric  conditions  kg  «  k^  the  asymptotic  condition  (15) 
shows  that  it  is  reasonable  to  take  Za  =  0  and  Zg  =  1.  This  solution  co’ res¬ 
ponds  to  a  completely  screened  fast  ("scattered")  electron  A  and  an  unscreened 
slow  ("ejected")  electron  B.  Then  if  we  neglect  the  kinetic  ^nergy  of  the  pro¬ 
ton  the  t^  term  of  (11)  vanishes  since  the  Coulomb  wave  x^'U^b)  is  orthogonal 
to  i|;2-  kJe  can  then  write  the  matrix  element  (11)  for  the  DWIA  using  the  form 
(12)  for  the  distorted  waves  as 
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'DWIA 


<y3|(lnjGo)(ln2Go)t3(l.Got2)|^2V 


(17) 


This  is  the  DWIA  written  as  a  plane  wave  approximation  with  an  effective  T- 
matrix.  The  second  order  approximation  to  this  effective  T-matrix  is  just  the 
second  order  multiple  scattering  approximation. 


t(2) 

DWIA 


t,+t,G„t,+t,G„U+t,G„t, 
3  2o3  Io3  3ol 


(18) 


It  is  interesting  to  compare  this  with  the  corresponding  sum  from  the  second 
Born  approximation.  Again  assuming  the  bare  potential  on  the  proton  for 
Xg  we  have  to  second  order  in  the  potentials 


r(2)  - 
'2BA 


(v,+v,G„Vo)+v,G„v,+v,G„v.,+v,G„v, 
'3  3o3  Zo3  lo3  3ol 


(19) 


This  is  identical  to  the  second  order  potential  expansion  of  eg.  (18),  although 
the  expansions  are  different  in  third  order  in  the  potentials.  There  are  sig¬ 
nificant  differences  in  the  numerical  implementation  of  the  two  approximations. 
The  second  Born  approximation  utilizes  the  closure  approximation  (see  ref.  11), 
whereas  the  implementation  of  the  distorted-wave  impulse  approximation  requires 
factorization. 


3.  COMPARISON  WITH  EXPERIMENT 

The  asymptotic  condition  (15)  does  not  determine  2q  and  Zg  uniquely,  and  a 
further  constraint  is  required  before  a  calculation  can  be  made  and  compared 
with  experiment.  The  additional  condition  that  the  field  strength  at  the 
nucleus  be  changed  only  minimally  by  the  introduction  of  the  effective  charges 
is  one  constraint  that  has  been  used(22,23).  This  gives  effective  charges 
which  differ  at  every  angle.  The  computation  must  therefore  be  done  completely 
at  each  angle  and  energy.  This  was  carried  out  by  Weigold  et  al(23)  in  the 
DWIA  who  compared  their  calculated  cross  sections  with  their  measurements  at 
several  incident  energies.  The  optical  potential  used  by  them  to  calculate 
the  incident  wave  was  energy  dependent  and  had  polarization  and  exchange  terms 
as  well  as  an  absorption  part. 

Since  the  effective  charges  appear  in  the  asymptotic  region  in  the  com¬ 
bination  Zeff/k,  for  extreme  asymmetric  conditions  kg/kfl  -*■  0  and  it  is  sen¬ 
sible  to  take  Za  =  0  and  Zg  =  1.  The  faster  electron  sees  essentially  a  neu¬ 
tral  atom,  which  is  however  in  a  continuum  orbital.  This  is  the  approximation 
used  in  the  Born  series  calculations  by  Byron,  Joachain  and  Piraux(ll'13)  for 
asymmetric  collisions,  the  incident  and  fast  outgoing  electrons  being  treated 
as  plane  waves.  In  the  DWIA  the  fast  outgoing  wave  is  treated  as  a  fully  dis¬ 
torted  wave.  It  is  generally  calculated  using  the  same  form  for  the  optical 
potential  as  the  incoming  wave.  Since  the  potential  used  by  Weigold  et  al(23) 
was  energy  dependent,  it  differed  in  the  incident  and  exit  channels. 

Figure  2  shows  the  coplanar  400  eV  relative  cross  sections  of  Weigold  et  al 
compared  with  their  DWIA  calculations.  The  solid  curve  (UWIA-l)  is  obtained 
using  Z/^  =  Zg  =  1,  whi^^h  violates  the  asymptotic  conditions  although  it  satis¬ 
fies  it  in  the  limit  |k/\-kgl»I,  i.e.  the  high  energy  large  angle,  symmetric 
limit.  The  curve  labelled  DWIA-2  is  obtained  by  setting  Z/\=Zg  (since  k^=kg) 
and  using  the  symptotic  condition(I5),  which  in  this  case  uniquely  gives  angle 
dependent  effective  charges.  Since  the  cross  sections  shown  in  figure  2  are 
obtained  under  nearly  symmetric  conditions,  the  complete  screening  approxi¬ 
mation  is  obviously  invalid.  The  figure  shows  that  DWIA-1  gives  a  better  des- 
scription  at  small  angles  and  DWIA-2  at  the  larger  angles.  The  plane  wave 
cross  sections  are  much  too  large  at  small  Ga  and  too  small  at  large  e/\. 

Figure  3  shows  the  more  asymmetric  data  obtained  at  25D  eV  compared  with  the 
"fully  screened"  approximation  (Za=0  and  Zg  =  1,  DWIA-4)  and  the  totally  bare 
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FIGURE  2 

The  H(e,2e)H'^  cross  section  at  Eo=413.6eV,  E/\=EB=200eV  and  The  calcu- 

lated  cross  sections  are;  -  DWIA-1  (Zfl=Z0=l)»  DWIA-2  0.87(Za=Zb) 

_  PWIA(x  0.66),  -  and  .  PUBEIx  0.35).  The  data  are  normalized  to 

OWIA-1  at  n-=40° 


9b  ^ 


FIGURE  3 

The  H(e,2e)H  cross  section  at  EQ=250eV,  ED=50eV,  0ft-'3B=ii  normalized  to  DWIA-1 
(ZA=Zn-l)  (solid  curve)  at  0^=25^.  —  —  Ov3lA-4  (Zft=0,  Zb=1)  (x  1.38), 

-  PWlA(x  0.54),  -  PWBE(x  0.25). 


approximation  (Zn=ZB=l,  DWIA-1).  Both  DWIA  calculations  give  an  excellent  fit 
to  the  data,  although  the  "screened"  version  is  somewhat  more  successful  at 
larger  values  O’  9A+9B’  A^d  the  unscreened  version  at  smaller  Oa+^B- 

Smith,  Winters  and  Bransdeni^^)  compared  a  variety  of  DWBA  calculations  with 
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the  250  eV,  113.6  eV,  and  100  eV  data  of  Weigold  et  al(23).  They  employed 
local  forms  for  the  second-order  complex  potential  and  spin  dependent  exchange 
potentials  for  calculating  the  incident  distorted  wave.  This  potential  (and 
the  one  used  by  Weigold  et  a1  in  their  DWIA  calculations)  allowed  for  polariz¬ 
ation  of  the  target  and  the  loss  of  flux  from  the  elastic  scattering  channel. 
Several  different  choices  were  considered  for  the  final-state  distorted  wave 
functions.  The  wave  function  for  th®  slow  ejected  electron  B  was  always  repre¬ 
sented  by  a  Coulomb  wave  with  Zd=1,  while  the  fast  electron  was  taken  to  be: 

(1)  a  Coulomb  wave  with  2^=1,  (2)  a  fully  distorted  wave  with  (3)  Za 

determined  by  the  asymptotic  conaicion(15)  with  Zg=l  (ZA=l-kA(  |k(^-kg  |  )"l) .  No 
single  approximation  successfully  reproduced  the  position  and  shape  of  the  cross 
section  over  the  entire  angular  range. 

In  both  the  DWIA  and  uwBA  calculations  an  overall  comparison  between  all  the 
data  and  the  calculations  indicates  that  for  angles  where  the  sum  0a+6b  is 
small,  the  completely  unscreened  model  with  Z;^=Zg=l  gives  the  best  fit  to  the 
data,  whereas  where  is  large  the  completely  screened  model  (Z^=0)  works 

best.  On  purely  physical  grounds  this  appears  a  somewhat  surprising  result. 

It  might  have  been  expected,  especially  as  Ea^^^B  tthen  the  two  final -state 
electrons  leave  after  ionisation  in  approximately  the  same  direction  the  slower 
electron  would  largely  'shield'  the  faster  electron  from  the  charge  of  the  pro¬ 
ton.  As  the  angle  between  the  two  electrons  increases  the  'shielding'  of  the 
faster  electron  should  reduce,  until  when  the  electrons  move  in  opposite 
directions  they  both  'see'  the  full  charge  of  the  proton.  The  exact  opposite 
is  observed.  The  use  of  asymptotic  arguments  to  determine  electron  wave 
functions  in  the  small  r  region  is  obviously  not  correct.  The  effective  charge 
must  vary  with  distance  as  well  as  angle. 

A  large  range  of  more  asymmetric  experiments  at  250  eV  was  carried  out 
recently  by  the  flinders  group(24).  in  these  experiments  the  slow  outgoing 
electron  was  detected  at  energies  Eg  of  5,  IJ,  and  14  eV  for  scattering  angles 
OA  of  the  fast  outgoing  electron  of  3°,  5'’  and  Although  the  data  are  not 
absolute,  relative  normalization  between  the  different  energies  Eg  and  angles 
0;^  is  maintained.  Thus  the  data  need  be  normalized  to  the  cross  sections  given 
by  the  various  theoretical  approximations  at  only  one  point  when  compared  with 
theory,  A  selection  of  the  data  is  shown  in  figures  4  and  5  where  they  are  com¬ 
pared  with  the  Born  series  calculations  of  Byron,  Joachain  and  PirauxI^Z),  and 
various  impulse  approximation  calculations.  The  data  show  the  typical  structure 
observed  for  ionization  of  atoms  from  S  states,  such  as  that  observed  by 
Erhhardt  et  alld)  from  helium,  namely  the  triple  differential  cross  section  is 
characterized  by  the  presence  of  two  lobes.  These  are  usually  referred  to  as 
the  binary  and  recoil  peaks.  The  binary  peak  is  located  in  a  direction  close 
to  the  momentum  transfer  direction,  and  the  presence  of  the  peak  can  be  attri¬ 
buted  to  binary  collisions  between  the  incident  and  ejected  electrons.  The  re¬ 
coil  peak  is  observed  in  a  direction  roughly  opposite  to  the  momentum  transfer 
direction,  and  can  be  attributed  to  collisions  where  significant  momentum  is 
transferred  to  the  recoiling  ion.  If  the  ejected  energy  Eg  and  the  momentum 
transfer  K  are  reasonably  large,  the  recoil  peak  is  very  small. 

In  figure  4  the  data  are  normalized  to  the  B2  calculation  at  Eg  =  10  eV  and 
OA  =  5°  (solid  curve).  The  EB5  result  is  shown  by  the  dot-dash  curve  and  B1  by 
the  dashed  curve.  The  EBS  and  second  Born  calculations  give  an  excellent  des¬ 
cription  of  the  position  and  relative  magnitudes  of  the  "binary"  peak.  They 
also  give  a  good  fit  to  the  recoil  peak  for  the  case  of  lowest  momentum  trans¬ 
fer  (K  =  0.27  a.u.)  i.e.  Eg  =  5  eV  Oa  =  3°.  For  higher  momentum  transfer,  the 
magnitude  of  the  recoil  peak  is  somewhat  underestimated. 

In  contrast  to  the  Born  approximation,  which  is  expected  to  be  most  accurate 
for  the  low  momentum  transfer  situations,  the  impulse  approximation  is  expected 
to  be  most  valid  for  the  large  momentum  transfer  situations,  i.e.,  close  elec¬ 
tron-electron  collisions.  In  the  experiments  of  Lohmann  et  al^ZA)  the  momentum 
transfers  were  about  an  order  of  magnitude  below  those  for  which  the  impulse 
approximation  was  designed.  Nevertheless  they  compared  their  data  with  a  number 
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FIGURE  4 

Polar  diagrams  of  the  differential  coplanar  asymmetric  (e,2e)  cross  sections 
measured  for  atomic  hydrogen  at  E.  =  250  eV  with  £3  =  5  eV  and  =  3°,  5°  and 
8°  and  Eg  =  10  eV  and  =  S'’  fref.  24).  Data  has  been  normalized  to  the  sec¬ 
ond  order  Born  calculation  at  Eg  =  10  eV,  ■‘i/\  =  5°.  Calculated  cross  sections 


are  -  -  first-order  Born  approximation;  - ,  second-order  Born  approxi¬ 
mation;  . ,  cikonal  Born  series  (Ref.  12).  Cioss  sections  are  in  atomic 

units . 


of  DWIA  calculations  (fig.  5).  In  all  their  calculations  the  distorted  wave 
for  the  slow  electron  (B)  is  a  Coulomb  wave  with  a  bare  charge,  and  the  inci¬ 
dent  wave  is  obtained  by  using  the  ground  state  average  potential  (including 
exchange).  The  distorted  wave  representing  the  fast  outgoing  electron  is  cal¬ 
culated  in  three  different  ways:  DWIA-I  in  the  same  way  as  the  incident  elec¬ 
tron  (solid  curves);  DWIA-II  as  a  plane  wave  (short  dashed  curves);  and  DWIA- 
III  as  a  Coulomb  wave.  Also  shown  is  a  PWIA  calculation,  which  does  not  give 
rise  to  a  recoil  peak  since  the  lA  does  not  include  ion  coordinates  directly. 
The  effect  of  the  ion  enters  through  the  distorted  waves  as  shown  in  Eq.  (17). 

The  DWIA  calculations  give  a  surprisingly  good  fit  to  the  data.  The  DWIA-1 
approximation,  which  takes  Zg  =  1  and  calculates  the  distorted  wave  for  elec¬ 
tron  A  in  the  groundstate  potential  of  the  atom  is  the  most  successful  of  the 
approximations . 

It  appears  therefore  that  the  EBS  method  and  the  DWIA  can  both  describe  the 
main  features  of  the  asymmetric  triple  differential  cross  sections.  In  fact 
the  DWIA  appears  to  do  rather  better  in  describing  the  relative  magnitudes  of 
the  binary  and  recoil  peaks.  The  two  methods  differ  significantly,  however,  in 
the  absolute  magnitudes  of  the  cross  sections,  the  DWIA  cross  sections  being 
generally  smaller  than  the  B2  and  EBS  cross  section  by  a  factor  of  about  3.  It 
is  interesting  to  note  that  the  DWIA  cross  sections  are  very  much  smaller  than 
the  first  order  PWIA  cross  sections  (by  a  factor  of  about  20),  whereas  the  B2 
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FIGURE  5 

Polar  diagrams  of  the  differential  coplanar  asymmetric  (e,2e)  cross  sections 
(ref.  24)  measured  for  atomic  hydrogen  at  Eq  =  250  eV  with  Eq  =  5,  10  and  14  eV 
and  =  3'> ,  5°,  and  8°  oata  have  been  normalized  to  DWlA-1  at  Eg  =  10  eV  .d 

•'A  =  5°.  Calculated  cross  sections  are  - ,  DWIA-I;  ,  DWIA-Il; 

•  •  •  •,  DWIA-III  (fast  electron  respectively  a  fully  distorted  wave,  plane 
wave,  and  Coulomb  wave);  - ,  PWIA. 


and  EBS  cross  sections  are  only  a  little  smaller  than  those  given  by  their  cor¬ 
responding  first  order  term,  namely  B1 .  This  suggests,  not  unexpectedly,  that 
in  this  kinematic  regime  the  Born  series  expansion  is  likely  to  be  much  more 
reliable.  The  DWIA  results  obviously  depend  extremely  sensitively  on  the  de¬ 
tails  of  the  distorted  waves  used  in  the  calculation.  Absolute  measurements 
are  obviously  required  to  clear  this  up. 

Ehrhardt  and  coworkers(25)  have  recently  reported  some  very  interesting 
asymmetric  triple  differential  c^oss  section  measurements  for  atomic  hydrogen 
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at  E.  =  250  eV,  Eg  +  5  eV  and  0/^  -  3",  one  of  the  cases  studied  by  Lohmann  et 
al(24).  The  new  feature  in  their  measurement  is  that  they  normalize  their 
cross  section  by  an  extrapolation  to  the  optical  limit.  At  high  enough  inci¬ 
dent  energies  and  in  the  limit  K->-0,  electron  impact  ionization  simulates 
photoionization  and  the  first  3orn  approximation  is  a  good  description.  From 
equations  (7)  and  (16)  the  first  Born  TOCS  (ignoring  exchange)  is  given  by 


where 


d^Op).  k.kri  A 

=  A  B|,  jij  If  \i2  =  (LB  jt  A 12 

dn^dilgdE  kg  k^  k"  '  ^  ’^B'' 

=  ■'4k^^^2'l  exp(iiJ-r2)  1^2^ 

6 


(20) 

(21) 


The  term  in  vi(=  -nj^g)  does  not  contribute  because  of  the  orthO'  ality  of  the 
initial  and  final  target  states.  This  quantity,  which  can  be  readily  evaluated, 
can  be  expressed  in  the  form 


M(t^,fg)  =  I  Ag(fg,kg.l<)K'’  ,  (22) 

n=l 

where  the  coefficients  A-  are  linear  combinations  of  legendre  polynomials.  In 
the  limit  of  small  momentum  transfer  fgj  behaves  likes  K‘L  reflecting  the  fact 
that  at  small  momentum  transfers  ionization  is  mainly  into  continuum  p  states. 
Considering  only  the  intensities  parallel  or  antiparallel  to  the  momentum 
transfer  direction  l<. 


d^p 


koK^ 


(ag±ajK+a2K2.-a2K^+. . . . ) 


(23) 


where  i  signs  correspond  to  the  parallel  and  antiparallel  directions  respec¬ 
tively. 

The  Born  triple  differential  cross  section  can  be  related  to  the  generalized 
oscillator  strength  by  (26) 


i  =  d3o  K3  2-^  (EgelP) 


(24) 


Relative  values  of  a^j  up  to  i=5  are  obtained  by  Ehrhardt  and  coworkers  by 
fitting  expression  (23)  to  relative  values  of  the  generalized  oscillator 
strength  obtained  from  the  measured  relative  cross  sections.  Extrapolation  to 
K=0  and  the  known  absolute  oscillator  strength  yields  the  coefficient  Bq  in 
absolute  units,  and  therefore  the  other  a.j  and  the  TOCS.  An  additional  con¬ 
straint  is  that  the  intensities  of  the  binary  and  recoil  peaks  have  to  be  equal 
at  K=0  (ionization  into  the  p  continuum).  There  are  some  uncertainties  about 
this  extrapolation  procedure.  It  assumes  that  the  first  Bo‘"n  approximation 
gives  the  correct  K  dependence  of  the  cross  section  in  the  iK  direction  in  the 
region  being  measured.  However  this  may  not  be  so.  For  instance  the  first 
Born  approximation  predicts  a  maximum  in  the  direction  it  the  binary ^peak,  and 
~v:  small  K  and  kg  a  recoil  peak  with  a  maximum  in  the  direction  -K.  This  is 
manifestly  not  the  case.  However,  it  is  likely  that  the  parametrization  in¬ 
volved  in  expression  (23)  still  adequately  describes  the  actual  cross  section. 
The  extrapolation  procedure  used  by  Ehrhardt  et  al(25)  is  shown  in  figure  6, 
where  the  measured  intensities  in  the  binary  peak  in  the  K  direction  and  in  the 
recoil  peak  in  the  -K  direction  are  used  to  extrapolate  to  the  K=0  region.  The 
dipole  oscillator  strength  at  K=0  was  t^en  from  Samson(27).  They  estimate 
their  error  to  be  less  than  15%.  ^ 

The  dashed  curve  in  figure  b  shows  the  expected  intensities  in  the  ±K 
directions  in  the  B1  approximation.  This  shows  quite  clearly  that  the  first 
Born  approximation  breaks  down  even  in  this  domain  of  relatively  high  incident 
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FIGURE  6 

Generalized  oscillator  strength  in  the  directions  +K  and  -K  as  a  function  of 
momentum  transfer  K  and  scattering  angle  0/\  (ref.  25).  The  dashed  curve  shows 
the  61  result,  the  *  and  •  a  62  result,  and  the  solid  curve  is  the  polynomial 
fit  to  the  data. 


energy  (s  181P)  and  low  momentum  transfer.  The  results  of  a  second  6orn  calcu¬ 
lation  give  a  much  better  description  of  the  data  Uniangles  and  dots). 

Figure  7  Shows  a  polar  and  cartesian  plot  of  their  TDCS  compared  with  61 
(dash-dot  curve)  62  (dashed  curve)  and  EBS  (solid  curve)  cross  sections.  The 
data  again  clearly  demonstrates  the  need  for  higher  order  approximations  to 
adequately  describe  the  dynamics  of  the  collision  process.  Although  the 
Flinders  data  are  not  shown  in  figure  7,  they  are  in  excellent  agreement  with 
the  Kaiserslautern  data  after  suitable  normalization. 

Finally  let  me  discuss  briefly  the  high  momentum  transfer  region.  In  this 
region  the  impulse  approximation  should  be  valid,  and  at  high  enough  energies 
we  can  replace  the  distorted  waves  by  plane  waves  (P'w'IA).  The  PWIA  cross  sec¬ 
tion  for  atomic  hydrogen  is  simply 

k  k 

d3a  =  (2„)^  fgg  Uj^(p)U  ,  (25) 

where  p  =  -q  =  ica  +  Kd  -  ito  is  the  momentum  of  the  struck  electron  and  fgg  is 
the  hal f-off-shell  Mott  scattering  cross  section.  In  the  symmetric  geometry 
fee  varies  rapidly  with  0  but  is  nearly  independent  of  $.  Thus  in  the  nonco- 
planar  symmetric  geometry,  where  kft  =  kB,  0  is  fixed,  and  the  out  of  plane  azi¬ 
muthal  angle  i{>  =  ifA  ■  “tiB  '  varied,  the  cross  section  should  be  directly 
proportional  to  the  square  of  the  momentum  space  ground  state  wave  function  of 
atomic  hydrogen,  i.e.  the  one  electron  momentum  probability  distribution. 

Figure  8  shows  the  400  eV,  «00  eV,  and  1200  eV  data  of  Lohmann  and  Weigold^^S) 
compared  with  the  absolute  square  of  the  ground  state  Schrbdinger  wave  function. 
This  is  the  first  direct  measurement  of  the  probability  distribution  of  an 
electron  in  atomic  hydrogen,  a  case  which  is  discussed  in  most  introductory 
texts  on  quantum  mechanics  by  means  of  "thought"  experiments.  This  type  of 
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FIGURE  7 

The  absolute  TDCS  for  atomic  hydro¬ 
gen  at  E|^=250eV,  0^=3°  and  Eg=5eV 
(in  units  of  lO"^^  tn^  Sr'^  eV"*) 

compared  with  B1  ( - ),  52  ( - ) 

and  EBS  calculation  (Ref.  25). 


E|,-  250tV  ,  0,-  3"  ,  E,-5»V 


Electron  momentum  p  (Op"’) 


FIGURE  8 


The  noncoplanar  symmetric  (e,2e)  cross  section  for 
cated  energies  compared  with  |ij)i5(lp)|2  =  8ti-2(1+p 
probability  distribution. 


atomic  hydrogen  at  the  ind 
the  SchrSdinger  momen- 
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measurement,  which  gives  information  on  the  structure  of  the  target,  has  given 
rise  to  the  field  of  electron  momentum  spectroscopy. 

Second  order  or  distortion  effects  are  small  in  the  high  energy  high  momen- 
turn  transfer  region.  Byron,  Joachain  and  Pirauxl^^)  have  calculated  some  of 
these  effects,  and  figure  9  shows  their  results  at  large  angles  0  for  the 


coplanar  symmetric  (e,2e)  collision  on  atomic  hydrogen  at  500  eV.  The  cross 
section  for  0  >  80°  is  very  small  compared  to  that  in  the  region  of  the  peak  at 
0  '  45°,  and  so  these  effects  are  difficult  to  observe. 

They  have,  however,  been  observed  in  the  case  of  helium,  where  the  effects 
are  expected  to  be  larger  and  the  experiments  are  a  lot  easier  to  carry  out. 
Pochat  et  al(30)  in  a  coplanar  symmetric  experiment  at  200  eV  found  that  the  B2 
calculation  described  the  trends  in  the  measured  cross  section  quite  well,  al¬ 
though  the  B1  cross  section  was  nevertheless  adequate  over  the  entire  range  of 
backward  angles  (0  >  45°)  studied.  Cook  et  al  carried  out  a  detailed  study  of 
the  (e,2e)  process  in  helium  in  a  1200  eV  noncoplanar  symmetric  experiment(31) . 
Their  data  for  the  ground  state  transitions  are  shown  in  figure  10  plotted  as  a 
function  of  struck  electron  momentum  p.  A  logarithmic  scale  is  used  to  high¬ 
light  the  small  cross  section  region.  The  DWIA  gives  an  excellent  description 
of  the  data,  while  the  PWIA  does  quite  well  for  p  less  than  about  1.3  a.u.  Two 
different  He  ground  state  wave  functions  are  used  in  the  PWIA  calculations,  an 
accurate  correlated  wave  function  due  to  Joachain  and  Vanderpoorten  (indicated 
by  JV)  and  the  Hartree-Fock  wave  function.  For  the  DWIA  calculation  only  the 
H-F  wave  function  was  used.  Absolute  symmetric  coplanar  {e,2e)  cross  sections 
have  also  been  obtained  for  heliura{32),  and  they  are  in  excellent  agreement  with 
he  DWIA  results  and  at  higher  energies  with  the  PWIA. 


The  Coulomb  Three-Body  Problem 


139 


FIGURE  10 

The  1200eV  noncoplanar  symmetric  (e,2e)  cross  section  for  He  plotted  as  a  func¬ 
tion  of  recoil  momentum.  The  PWIA  curves  are  obtained  using  an  accurate  corre¬ 
lated  He  ground  state  wave  function  (full  curve)  and  the  H-F  wave  function 
(broken  curve).  The  DWIA  (chain  curve)  uses  the  HF  wave  function. 


4.  SUMMARY 

The  understanding  of  ionization,  which  proceeds  by  an  iterative  interaction 
between  theory  and  experiment,  has  reached  an  interesting  stage.  For  symmetric 
noncoplanar  geometry  at  high  energy  the  simplest  form  of  the  impulse  approxi¬ 
mation,  the  PWIA,  is  sufficient.  The  DWIA  describes  even  the  fine  details  of 
these  cross  sections.  The  PWIA  is  the  basis  of  the  enormously  succesful  appli¬ 
cation  of  the  noncoplanar  symmetric  (e,2e)  reaction  to  the  understanding  of 
many-electron  atoms  and  molecules  -  namely  electron  momentum  spectroscopy ( 1 ) . 

In  the  case  of  asymmetric  kinematics  and  low  momentum  transfer,  the  col¬ 
lisions  which  dominate  the  ionization  process,  the  PWIA  approximation  fails 
completely.  The  DWIA  does  considerably  better,  obtaining  the  correct  shapes 
and  relative  magnitudes  of  the  binary  and  recoil  peaks,  but  it  becomes  unre¬ 
liable  in  predicting  the  absolute  magnitudes.  Higher  order  Born  expansions, 
such  as  the  EBS  method,  give  the  correct  absolute  cross  sections  and  give  a 
good  description  of  the  data  at  the  lowest  values  of  momentum  transfer  and 
energy  "loss"  (Eg-E^)  studied  to  date.  At  higher  but  still  relatively  low 
values  of  K  even  the  EBS  method  does  not  appear  to  describe  some  of  the  details 
of  the  recoil  peaks  reliably. 

As  Eo-Ea  and  K  increase  no  single  approximation  adequately  describes  the 
data  over  the  entire  range  of  angles.  The  asymptotic  constraint  on  the  effec- 
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tive  charges  seen  by  the  emitted  electrons  gives  the  wrong  values  of  the 
"effective"  charges  in  the  interaction  region.  In  this  intermediate  regime  it 
might  require  a  more  fundamental  theory  to  devise  successful  approximations. 
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1.  INTRODUCTION 

When  two  electrons  move  in  the  field  of  a  positive  ion,  because  of  the 
long  range  Coulomb  interaction,  correlation  effects  are  expected  to  be  more 
and  more  dominant  as  their  kinetic  energies  decrease.  This  situation  occurs 
near  the  threshold  for  double  photoionization  as  well  as  for  electron  impact 
ionization  processes,  the  latter  appearing  easier  to  study  experimentaly. 

A  fundamental  contribution  to  the  understanding  of  these  processes  is  the 
work  of  Wannier  (1)  who  has  shown  that  they  would  occur  most  probably  in  a 
configuration  where  both  electrons  are  at  equal  distances  from  the  ion  and  in 
opposite  directions.  This  configuration  corresponds  to  the  center  of  the  flat 
saddle  potential  surface  which  represents  the  fixed  R  interactlory  between  the 
3  particles  when  hyperspherical  coordinates^  R  =\/r'  +  r^'  ,a  =tarr  ( j  r,!  , 

0,j  iCOs''(  r,  ,  nj)"]  used.  The^radial  correlation  (which  tends  to 
determine  the  energy  distribution  between  the  two  electrons)  is  related  to 
the  instability  in  a  around  a  z  ”  /b,  while  the  angular  correlation  is 
related  to  the  stability  in  0^^  around  :  a 

So  when  dealing  with  electron  correlations  in  electron  impact  ionization 
(only  the  e-He  system  will  be  considered  here)  two  important  questions  have 
to  be  answered  : 

i)  What  is  the  probability  for  partitioning  the  excess  energy  E  above 
threshold  between  the  two  outgoing  electrons  with  energy  Ei  and  E2  7  Up  to 
3.6  eV  above  threshold  it  has  been  found  experimentally  (2)  (3)  (4)  that  all 
the  couples  (Ei,  E2)  are  equiprobable.  This  is  in  agreement  with  the  Wannier 
theory  and  ergodlo  hypothesis  (1)  (5)  but  in  contradiction  with  some  results 
of  the  rival  Coulomb  dipole  theory  of  Temkin  (6)  (7)  in  which  the  faster 
electron  sees  the  attractive  field  of  the  dipole  formed  by  the  slower 
electron  and  the  positive  ion.  Very  recently  the  energy  partitioning  problem 
has  been  reexamined  by  Read  (8).  Still  admitting  the  ergodlo  hypothesis  and 
analysing  more  carefully  the  classical  trajectories  in  the  Coulomb  zone,  he 
obtained  a  distribution  function  where  equal  sharing  (Ei  =  E2)  is  slightly 
more  probable  by  5<,  a  result  which  has  been  confirmed  experimentally  (9). 

il)  Is  there  an  angular  correlation  between  the  two  ongoing  electrons  ? 
The  prediction  of  Wannier  (which  was  limited  to  a  total  angular  momentum 
L  =  0)  is  that  the  angular  distribution  has  a  maximum  for  0,,  =  n  with  a 
gausslan  shape  the  width  of  which  varies  as  E^^**.  On  the  experimental  side, 
by  coincidence  measurements  in  a  plane  perpendicular  to  the  incident  beam, 
Cvejanovlo  and  Read  (2)  have  confirmed  the  E '/*  law  but  as  the  angular 
resolution  was  poor,  the  determination  of  the  width  was  not  very  accurate. 
More  recently,  Schubert  et  al.  (10)  have  measured  in  a  ooplanar  geometry  the 
angular  correlation  between  the  two  outgoing  electrons  at  6  eV  above 
threshold.  They  observed  a  correlation  with  maximum  at  about  0,,  =  220” 
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and  not  at  180°  as  predicted  by  the  L  =  0  Wannier  theory  (1).  This  can  mean 
that  6  eV  is  too  high  for  threshold  theory  to  be  applied  and/or  as  pointed 
out  by  Greene  and  Rau  (11),  that  other  L  S  n  states  contribute  to  the 
ionization  process. 

This  is  why  we  have  undertaken  ooplanar  measurements  from  6  eV  down  to  0.5 
eV  above  threshold  (12)  with  the  goal  to  look  for  an  eventual  contribution  of 
a  few  L  S  n  states,  to  test  the  threshold  theories  and  try  to  determine 
the  energy  range  of  validity. 


2.  EXPBRIMEHT 

The  experimental  set  up  consists  essentially  of  a  single  selector  and  two 
double  analysers  similar  to  those  described  elsewhere  (13).  The  selector  and 
one  of  the  analysers  can  rotate  individualy  or  simultaneously  by  means  of  two 
stepping  motors  so  that  the  angles  of  the  two  detected  electrons  with  respect 
to  the  incident  beam  can  be  scanned.  To  avoid  small  drifts  with  time, 
accumulation  at  different  angles  is  done  oyolioaly.  The  difficulty  at  low 
energy  is  that  there  are  a  lot  of  unwanted  scattered  electrons  ;  the  use  of 
two  electrostatic  analysers  in  series  as  well  as  an  appropriate  set  of 

potentials  on  the  optics  reduces  this  noise.  When  both  electrons  have  the 
same  enerey,  invariance  of  the  coincidence  signal  when  interchanging  the 
angles  ot  the  two  analysers  is  checked  throughout  the  measurements.  In 
particular,  it  has  been  verified  that  when  0,,  =  77  (2  detectors  in 

opposite  directions)  the  curve  obtained  by  plotting  the  ooinoidence  signal  as 
a  function  of  the  angle  0,  (angle  between  the  incident  beam  and  one  of  the 
2  detectors)  is  symmetric  with  respect  to  0,  =  90°.  The  invariance  of  the 
position  and  width  of  the  coincidence  peak,  when  the  selector  and  the 
detector  are  rotated  is  also,  at  low  energy,  a  test  for  a  good  angular 
response  of  the  equipment.  Finally  because  of  the  need  for  high  incident 
intensity  due  to  the  decrease  of  the  cross  section  near  threshold,  the 

resolution  in  energy  is  about  0.2  eV  and  the  acceptance  of  each  analyser  is 
rather  large  (about  10°).  The  statistical  accuracy,  when  random  coincidence 
and  normalisation  procedures  are  taken  into  account  in  typically  lOK. 

3.  RESULTS 

In  the  following  we  adopt  the  convention  that  the  two  outgoing  electrons 
are  located  by  their  spherical  angles  0,  0,  ,  ,  the  z  axis 

being  taken  along  the  incident  beam  direction.  In  the  present  ooplanar 
measurements  =  180°  and  the  mutual  angle  0,^  is  equal  to 

0,  .  0,  . 

Figures  1,  2  and  3  show  the  measured  triple  differential  cross  section 
plotted  in  polar  coordinates  for  equal  sharing  of  the  energy  between  the  2 
electrons  (Ei  =  E2)  at  3  energies  above  threshold  (E  =  2,  1  and  0.5  eV)  and 
for  5  values  of  0,  (30°,  60°,  90°,  120°  and  140°).  The  incident  electron 

comes  from  the  left  and  the  direction  of  the  first  detected  electron  is 
represented  by  the  second  arrow.  It  is  clear  that  whatever  the  direction  of 
the  first  electron  is,  the  second  one  is  detected  roughly  around  the  opposite 
direction  especially  as  E  decreases.  But  it  is  only  for  0  z  90°  that  the 
maximum  of  intensity  is  exactly  located  at  0,^  z  180°.  When  going  from  2  eV 
down  to  0.5  eV  it  is  also  seen  that  the  width  of  the  lobes  (in  particular  for 
0,  =  90°)  decreases  which  is  consistent  with  the  energy  behaviour  of  the 
gaussian  factor  mentlonned  above.  At  0.5  eV  above  threshold  the  lobes  are 
still  not  invariant  with  respect  to  the  direction  of  the  first  electron 
detected,  consequently  they  cannot  be  interpreted  within  a  L  =  0  theory. 
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Indeed  this  is  not  so  surprising  as  in  the  ionization  process  the  Coulomb 
interaction  dominates  in  the  asymptotic  region  in  opposition  to  threshold 
excitation  where  there  is  always  a  small  energy  range  in  which  the 
centrifugal  potential  rules  the  cross  section  and  thus  depresses  all  the 
^  0  with  respect  to  s  wave.  Nevertheless  we  will  see  that  these 
complicated  shapes  (double  lobe  for  instance)  still  remain  consistent  with 
the  Wannier  theory  when  the  rotation  of  the  two  electrons  is  taken  into 
account. 


FIGURE  2 
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FIGURE  5 


The  contribution  of  L  ^  0  can  also  be  directly  seen  by  measuring  the 
coincidence  signal  as  a  function  of  the  angle  6,  when  both  detectors  are 
kept  in  opposite  directions  (to  be  called  Wannier  geometry).  This  is  clearly 
demonstrated  in  figure  4  for  E  =  0.5  eV  and  1  eV  and  E;  =  E2.  It  is  first 
seen  that,  within  the  experimental  uncertainties,  the  angular  dependence  of 
the  signal  is  symmetric  with  respect  to  0,  i  90“  as  expected  from  the 
symmetry  of  revolution  around  the  incident  beam  direction.  Now  in  this 
configuration  (  0,j  =  fl  )  and  from  only  geometrical  properties  of  the  two 
electron  wave  function,  the  partial  cross  section  varies  as 
I  Pl  (cos  )l  (14),  thus  the  strong  variations  which  are  observed  on 
figure  4  imply  the  participation  of  L  #  0. 

The  quasi  Identity  of  the  two  experimental  curves  in  figure  4  Is  an 
indication  that  the  L  mixing  does  not  change  from  E  =  0.5  eV  to  E  =  1  eV. 
This  is  still  approximatlvely  true  up  to  2  eV  while  at  higher  energy  (4  eV 
for  instance)  there  is  a  significant  change  (in  particular  a  spectacular 
enhancement  in  the  small  0,  region). 

Figure  5  shows  the  coincidence  signal  as  a  function  of  0,  when  both 
electrons  are  detected  symmetrically  with  respect  to  the  incident  beam 
(symmetric  geometry,  0,  =  0,  )  and  for  2  different  energies  E  =  0.5  and  1 
eV.  The  enhancement  of  the  width  from  the  lower  to  the  upper  energy  curve  is 
again  in  qualitative  agreement  with  the  energy  dependence  of  the  angular 
correlation  factor  mentioned  above. 

A  quantitative  analysis  of  figures  4  and  5  will  be  presented  in  the 
following. 
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FIGURE  4  :  =  n  —  Fit 


FIGURE  5 


4.  DISCaSSION 

4.1.  Derivation  of  the  triple  differential  cross  section  for  helium  in  the 

Wannier-Peterkop-Rau  theory. 

When  dealing  with  the  electron  impact  ionization  of  helium  in  its  'S® 
ground  s.tate  and  limiting  the  angular  momentum  of  the  incident  electron  to 
2,  it  follows  from  the  conservation  of  parity,  total  angular  momentum  and 
its  projection  that  6  states  for  the  two  outgoing  electrons  can  contribute, 
namely  the  ’S®,  "S®,  'P®,  ’P®,  'd®,  V  states. 
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Because  of  the  strong  correlation  predicted  by  the  Wannler  theory  a 
judicious  choice  of  coordinates  is  required  to  describe  the  motion  of  the  two 
electrons.  The  hyperspherloal  coordinates  (  R  ,  or  ,  Q.j  )  are  well 
adapted  to  such  a  problem.  They  completely  define  the  shape  of  the  triangle 
formed  by  the  3  particles  and  three  Euler  angles  can  then  be  used  to  speoifly 
its  orientation  in  space,  such  as  (  ,  (O,  ,  ^  ) ,  (f*  being  the  angle 

between  the  planes  (  )  and  (f,  ,  z  )(15)(16). 

As  each  L  S  fl  state  has  a  specific  angular  dependence,  the  coherent 
superposition  of  a  few  of  them  leads  to  a  complicated  angular  behaviour.  Let 
us  suramerize  the  different  steps  which  lead  to  the  cross  section  formula. 

MiO 

Each  L  3  n  wav'-  function  '^^Lsn  expanded  on  the  rotationnal  wave 

functions  (0,  ,  <p  ) 

MzO,  K  '  '  ' 


M  lO 

V  -  2 

Lsn  -  t 


:  R  ,  o  .  )  D 


M  =0,K 


(  9,  .  ®  ,  <(<  ) 


After  antisymmetrisation  of  the  total  wave  function  the  following 
exp”esslons  are  obtained  (17)  (18)  : 


's‘: 

F  With 

F(  R  .  O  .  )  r  F  (  R.  .l-a  ,  S,  )  r  F 

2  ^ 

F  with 

F=  .  F 

’P°: 

F  cos  + 

F  cos  0j 

Y.  ■ 

F  C  0  s  0  _ 

F  cos  0^ 

'd'; 

F  (  3  cos^  0 , 

_  1  )  +  Fj  ^2  -  0  +  ^*3  ^3  COS0,  COS0J  -  COS0,j)  with  F^  -  F^ 

Fj  {3cos^0| 

-  0  —  ~  *  ^3  (3  COS0,  COS02  -  COS0j)  Fj  =  _  F^ 

where 

the  F^  functions  which  are  related  to  the  G|(  are  solutions  of  ’’radial’’ 

equations  in  which  only  the  three  hyperspherloal  coordinates 
(  R  .  a  •  '  remain.  For  L  J.  2  they  form  a  set  of  coupled  differential 

equations. 

Following  the  Wannier  (1)  Peterkop  (19),  Bau  (20)  theory,  only  configu¬ 
ration  space  near  the  Wannier  saddle  point  is  taken  into  account  and  only  the 
asymptotic  part  of  the  wave  function  in  the  exit  channel  critically  depends 
on  the  energy  in  the  threshold  region.  Then  the  small  E  SchrSdinger  radial 
equations  are  resolved  near  the  Wannier  point  and  at  large  H.  For  each  L  S 
17  one  expects  to  obtain  the  partial  cross  section  to  within  complex 
constants  related  to  the  connection  with  the  unknown  smaller  R  solution. 

To  be  consistent  this  linearization  of  the  radial  equations  requires  the 
retention  of  all  the  terms  up  to  ,  V^r  and  1/R^  (21) 
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where  (i  =  n/n  _  a  and  y  =  t  ~  represent  the  distance  to 

the  Wannier  point.  Then  two  groups  of  consequences  can  be  distinguished. 
Firstly,  annulling  1/R  terras  has  the  same  consequences  for  all  the  various  L 
S  n  and  thus  the  properties  which  have  been  demonstrated  initlaly  for  the 
'S®  state  (22)  extend  to  the  others.  There  are  the  following  : 

i)  each  partial  cross  section  is  independent  of  the  sharing  of  energy 
(El,  E2), 

ii)  each  partial  cross  section  contains  the  angular  correlation  factor 

evp  J 


Secondly,  annulling  1/R  terms  yields  the  R  and  E  dependence  of  the 
radial  wave  functions,  and  leads  to  a  fundaraental  classification  according  to 
the  parity  under  radial  interchange  (  a  n/ 2  -  '*  ).  The  partial  cross 

section  associated  with  the  'S®  state  which  is  purely  symmetric  (F  =  F) 

behaves  as  El* '27  which  is  the  Wannier  law,  while  that  of  ’S®  which  is 

purely  antisymmetric  (F  =  -F)  follows  a  E''  law  where  n  is  greater  than  1.127 
(the  value  n  =  3.881  has  been  proposed  by  Greene  and  Rau  (11)  (23)  and  n  = 
3.3R1  by  Feterkop  (24)  and  Feagin  (25))  and  then  is  suppressed  at  threshold. 
The  single  radial  wave  function  F  of  the  ’P°  and  ^P°  states  which  have  been 
analysed  by  Roth  (26)  and  Klar  and  Sohlecht  (27)  can  be  split  into  a 

syrametrio  FS  plus  an  antisymmetric  F^  component  (11)  (23)  so  that  from  the 

preceding  their  wave  functions  can  be  written  : 

'p°  F3  (cos  e,  +  cos  )  +  F3  (cos  -  cos  Sj  ) 

’pO  F3  (cos  e,  -  cos  )  +  F®  (cos  0,  +  cos  ) 

and  the  syrametrio  partial  cross  sections  follow  the  Wannier  law  while  the 

antisymmetric  ones  are  suppressed  at  threshold. 

For  L  i.  2  the  splitting  Fj  =  F^'  +  Fi*  of  each  radial  component  is  still 
necessary  but  a  new  characteristic  occurs.  As  raentionned  above  one  is  faced 
with  a  set  of  coupled  radial  equations  that  would  be  decoupled  if  limited  to 
the  order  1/R  (17)  but  which  are  not  when  going  to  1/R’^^  .  Thus  one  can 

expect,  apart  from  determining  the  energy  behaviour  of  the  L  S  n  partial 
cross  section,  to  obtain  some  relationships  between  the  F^.  In  the  case  of 
the  'D®  state  a  detailed  study  indicates  (18)  that  this  relation  is 

Fj  =  -  2  F,  ,  but  presently  this  remains  an  open  theoretical  question. 

Using  all  these  results,  one  finally  obtains  the  following  triple 
differential  cross  section  (DCS)  ; 


where  0^^^  depends  on  E  as 


^  I  0,  1  =  ■'/''I’ol  exp'  _4Ln2((e^^  _18O)/0,^^y 


^  +  a,po(cos0,  +  co50j)  +  a,pe(  3/2  cos' e,  +3/2cos'e,  _1 


_  ?COS0,  COs6  ^  COS0,2  ) 

f  ,  =  _  cos  0^  ) 

=  cos  Tcos^,  COS0J  + 


+  33pe  (  3/2  cos  0^  _  3/2  CO  s  0^  ) 

sin0,  sin(?yCOS(Vj  _  I 
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where  the  are  complex  numbers.  As  long  as  the  threshold  region  is 

concerned  and  following  Peterkop  (24)  and  Feagin  (25)  all  the  a^  which 
correspond  to  L  S  17  states  with  no  angular  node  for  0^^  =  77  (  'S®*  'D®, 

^P°)  have  a  (E”*^'5  e0.127)’(4  g^ergy  '•■'pendence  while  an  angular  noi-?  (such 
as  in  the  above  'po  and  ^D®  contributions)  yields  an  additional 
factor.  Then  integration  over  angles  and  energy  Ei  leads  to  an  Integral  cross 
section  which  varies  as  e'*^27  (n)  (23)  (24)  (25). 

The  last  missing  point  concerns  the  exact  value  of  0^  in  the  law 

1/2  “  ”o  giving  the  width  of  the  gausslan  factor.  Some 

discrepancies  exist  in  the  literature  between  the  values  which  have  been 
obtained  from  the  Wannier  theory,  due  to  the  fact  that  different  methods  have 
been  used.  From  a  pure  quantal  formalism  Rau  (22)  has  obtained  8^  =  85°, 
while  0„  =89°  comes  out  of  the  classical  trajectories  of  Read  (8)  and  9^  = 
68°  from  the  JVTKB  formalism  of  Feagin  (25)  and  Crothers  (28).  Besides  these 
results  an  alternative  asymptotic  theory  where  the  electron-electron 
interaction  is  taken  Into  account  separately  has  led  Altiok  (17)  to  propose 
0^  =  67°  vith  no  Z  dependency.  Note  that  In  the  Wannier  theory  the  angular 
correlation  factor  completely  disappears  for  Z  ^  3- 

4.2.  Analysis  of  the  results 

4.2.1.  Analysis  of  the  curve 

The  theoretical  DCS  which  was  derived  in  the  last  section  contains  7 
parameters  concerning  the  mixing  of  states,  which  become  8  if  is 

included.  A  direct  fit  to  the  complete  set  c.'  data,  although  possible,  would 
link  the  determination  of  the  mixing  together  with  the  testing  of  the  Wannier 
theory.  We  find  it  preferable  to  separate  the  two  as  far  as  possible  and  to 
follow  a  step  by  step  method  which  has  been  described  elsewhere  (12). 


From  pure  geometrical  and  symmetry  properties  and 
ionization  theory  it  can  be  shown  (14)  that  when  = 
(Wannier  geometry)  the  DCS  can  be  written  : 


E 


2  S  +  1  I  ^  p  ,  p  Cl 


(  cos  I 


without  using  any 
,  8,  t  =  v 


where  all  the  with  L  +  S  odd  cancel  when  Ei  =  E2  (18).  This  latter 

property  then  ensures  that  the  summation  contains  only  even  powers  of 
cos  0,  ,  which  is  called  for  by  the  symmetry  of  revolution  around  the 

incident  beam  axis. 


When  limiting  L  ^  2  only  the  'S®,  ’P®  and  '  D®  states  (the  following 
would  bo  the  ’F°  state)  contribute  and  the  DCS  takes  on  the  simple  form  bg  + 
b2  cos  0,  *  bq  cos*  9,  where  bg,  b2,  bq  are  real.  It  is  straightforward  to 
verify  that  the  formula  derived  in  the  preceding  section  satisfies  this 
property  and  to  obtain  the  relations  with  the  complex  aipo  and  a,^e  . 

The  above  expression  was  fitted  to  the  curve  corresponding  to  Ei  =  E2  = 
0.5  eV  (figure  4)  using  a  least  squares  method  and  L  2  was  found  to  be 
enough  to  get  a  good  fit.  The  following  values  were  obtained  :  bg  =  1  ; 
bp  =  -3.72  ±  0.04  and  bq  =  4.26  ±  0.07.  From  these  values  it  c---.  be  shown 
that  a3po  is  weak  and  will  be  taken  as  zero.  Under  this  condition  the 
modulus  and  the  argument  of  the  ratio  a,^o/a,^e  were  found  to  be 
and  2  rad,  respectively. 
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4.2.2.  Confrontation  with  the  WPR  theory. 

As  raentionned  in  §  4.1.  the  coefficients  ai^e  ,  ai^s  and  ajpo  should 

have  the  same  energy  dependence  in  the  threshold  region  thus  giving  a  frozen 
curve  shape  in  the  Wannier  geometry.  This  first  prediction  is  indeed 

confirmed  by  the  measurements  up  to  E  =  2eV  (see  §3)- 

Now  another  specific  geometry,  namely  the  symmetric  one  (8,  =  6,  , 
w,  -  =  n  ),  has  the  property  of  eliminating  the  contribution  of  triplet 

states  as  can  be  verified  in  the  formula  derived  in  section  4.1.  So  as  the 
'S6  and  ' DS  states  parameters  have  been  obtained  already,  the  comparison  of 
the  Wannier  theory  triple  DCS  with  the  S,  =  t*,  data  of  figure  5  only 

involves  the  two  unknown  quantities  a,pO  and  6^  .  Systematic  fits  to  the 

curve  with  Ei  =  Ej  =  0.5  eV  have  shown  that  a  reasonable  agreement  can  only 
be  obtained  when  60<'<  Unfortunately  a  more  precise  determination 

cannot  be  achieved,  as  illustrated  by  the  two  curves  reported  in  figure  5 
corresponding  to  Ho  =68°,  I  aipol/1  D's®  I  =  2.1,  arg  (  aipo  /  ai^e  I  =  3.9  rad 

(full  curve)  and  (-)^=  85°,  I  a,pol/l  D's®  I  =  0.65,  arg  (  O'pO /  aig®  )  =  3.5  rad 

(dashed  curve)  respectively,  which  both  fit  sactlsfaotorilly.  It  should  be 
noted  that  with  only  '  S®  and  'D®  states  the  DCS  would  be  symmetric  with 
respect  to  ft,  =  90°  (see  formula  of  §  4.1).  Thus  the  weak  asymmetry  which  is 
seen  in  figure  5  is  the  signature  of  the  ’P°  (or  eventually  ’P®)  state.  Its 
precise  determination  and  that  of  ©o  would  require  better  angular 
resolution  and  better  statistical  accuracy  than  in  the  present  experiment. 

In  figure  5  the  theoretical  DCS  for  the  two  values  of  ©o  and  for  E  =  0.5 

eV  has  also  been  presented.  The  observed  enhancement  of  the  width  when  E 

increases  appears  to  be  correctly  reproduced,  thus  confirming  in  both  oases 
the  E '''*  energy  dependence  of  ©,/j. 

To  summerize,  the  above  analysis  of  only  two  curves  (©,+  ©,  =11 

and  ©,=  ©2  at  Ei  =  B2  =  0.5  eV)  has  yielded  quantitative  information  on 
’S®,  'P®,  'D®  and  ’P®  mixing.  It  is  now  possible  to  perform  a  comparison 

of  the  DCS  for  all  the  available  (  ©,  ,  ©j  )  and  0.5  E  ^  2  eV  values 
(fig.  1,  2,  3).  The  general  agreement  is  slightly  improved  with  a  small 
contribution  from  the  ’D®  state  (  ® 's°  "  f®®  ihe  5  angles  and 

for  both  00  =  68°  and  85°  the  agreement  appears  to  be  satisfactory  for  the  2 
lowest  values  of  E.  For  0,  =  60°  and  140°,  the  double  lobe  structures  (E  = 
1  and  2  eV)  come  out  correctly  from  the  calculations  but  differ  in 
orientation  and  intensity  from  the  experimental  results.  Some  marked 
discrepancies  which  do  not  exist  at  E  =  0.5  and  1  eV  appear  at  2  eV  (see  for 
instance  0,  =  120°  on  figure  1).  Of  course  a  better  comparison  would  need 
measurements  in  regions  which  are  forbidden  in  the  present  experiment. 

Finally  it  is  interesting  to  point  out  that  independently  Altiok  (17)  has 
fitted  the  data  at  E  =  1  and  2  eV  (fig.  2  and  1)  with  a  theoretical  DCS  which 
is  similar  to  that  of  §  4.1.  with  ©o  =  67°  but  containing  9  parameters  as 
the  'D®  state  contribution  has  been  written: 

3'[je(3/2  003*0,  3/2  003*  0,  -1)  +  a.p°  (1/2cos0,2  _  3/2  cos0,cos0j,  I 

A  better  agreement  is  obtained  with  the  experiment  while  the  deduced  values 
of  the  modulus  and  phase  of  (  ai^e  +  ®’d°/  ^  ^  which  represent  the 

contribution  of  'D®  in  the  Wannier  geometry  and  the  triplet  state 
coefficients  are  close  to  ours. 

4.3.  Ab-initio  calculations  of  Crothers  (28). 

Very  recently  on  the  theoretical  side,  important  progress  has  been 
accomplished  by  Crothers  (28)  who  has  given  the  absolute  triple  DCS  for  near 
threshold  ionization  of  helium  by  following  the  lines  of  the  Wannier  Peterkop 
Rau  theory  but  using  a  .IWKB  formalism  which  allows  the  determination  of  tne 
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unknown  constants.  As  mentionned  in  his  paper,  as  a  first  order  perturbation 
theory  is  used,  some  approximations  are  made  on  the  final  state  angular 
dependence.  In  particular  this  leads  in  the  notations  of  §  4.1.  to  phases  of 
each  a  _  equal  to  1^  and  to  the  elimination  of  terms  such  as  the 
(3  cos ^ , cos  0, -cos  )  component  of  ’D®  state.  However  these  calculations 
restricted  to  singlet  states  and  L  3  are  in  remarkable  agreement  with  the 
data  of  fig  1  and  2  for  6  =  60,  90  and  120°.  Some  discrepancies  still  exist 
elsewhere. 

4.4.  Dependence  of  the  DCS  on  Ei,  Ej  partitioning. 

All  the  preceding  experimental  results  were  performed  for  equal  sharing  of 
the  energy  (Ei  =  E2)  but  as  mentionned  above  the  Wannler  theory  cross  section 
is  either  independent  or  only  very  slightly  dependent  (8)  on  the  partitioning 
of  energy.  This  has  been  verified  in  integral  (4)  and  double  differential 
(2),  (3),  (9)  cross  section  measurements  but  the  triple  DCS  yields  a  finer 
test.  A  first  confirmation  involving  the  triple  DCS  at  B  =  6  eV,  Ei  =  4  eV, 
E2  =  2  eV  has  been  reported  by  Schubert  et  al.  (10).  For  a  lower  energy  S  = 
2  eV  and  more  pronounced  unequal  sharings  (Ei  =  0.25  eV,  E2  =  1.75  eV  and 
vice  versa)  figure  6  shows  (at  0,  -  90°)  the  triple  DCS  compared  to  that 
with  Ei  =  E2  =  1  eV.  These  three  curves  are  very  similar  and  such  a  result, 
which  also  holds  for  other  values  of  0,  ,  is  a  strong  confirmation  of  Wannier 
theory  validity.  On  the  other  hand  the  Coulomb  dipole  theory  (6)  ,  (7)  which 
would  apply  when  Ei  <  E/5  does  not  predict  (29)  a  tight  angular  correlation 
and  thereforce  disagrees  with  the  present  results,  unless  taking  place  at  an 
incredibly  low  energy  (7). 


Figure  6  Figure  7 

0,  =  90°  n 

+  El  =  E2  =  1  eV  +  El  =  E2  =  1  eV 

o  El  =  1.75  eV  E2  =  0.25  eV  o  Ei  =  1.75  eV  E2  =  0.25  eV 

a  El  =  0.25  eV  E2  =  1.75  eV 

Similarly  figure  7  shows  that  in  the  Wannier  geometry  the  curve  for  Ei  = 
0.25  eV,  E2  =  1.75  eV  is  very  close  to  that  with  Ei  =  E2  =  1  eV.  How  dealing 
with  the  symmetry  with  respect  to  0,=  90°,  this  is  automatic  when  Ei  =  E2 
(see  §4.2.1.)  ;  when  Ei  =  E2  any  asymmetry  could  only  appear  by  the 
contribution  of  terms  such  as  the  F®  (cos  0,  -  cos  0^  )  component  of  the 
'po  state.  Therefore  the  solely  experimental  observation  that  the  Ei  =  0.25 
eV,  E2  =  1.75  eV  curve  is  symmetric  directly  supports  the  near  threshold 
cancellation  of  the  radialy  antisymmetric  terms  predicted  by  the  Wannier 
theory . 
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5.  CONCLOSIOH 

The  results  presented  in  this  report  constitute  the  first  direct 
experimental  proof  that  a  few  (LS/J)  states  definitely  contribute  to  the  near 
threshold  Ionization  cross  section.  The  Wannier  Peterkop  Rau  theory  is  an 
useful  tool  to  their  understanding  and  a  more  precise  determination  of  the 
angular  correlation  width  is  still  needed.  It  has  been  shown  that  the  values 
of  the  a^sn  coafficients  can  be  extracted  from  the  observations.  These  are 
physically  interesting  quantities  as  they  are  directly  related  to  the 
probability  of  forming  Wannier  ridge  riding  states  above  the  double  escape 
threshold,  and  considerable  theoretical  effort  is  presently  in  progress  to 
investigate  such  states. 
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ELECTRON  ATTACHMENT  TO  VAN  DER  WAALS  MOLECULES 

Y.  HATANO 
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Meguro-ku,  Tokyo  152,  Japan 


A  survey  is  given  of  recent  experimental  studies  of  low-energy  electron 
attachment  to  O2,  N2O  and  other  molecules  in  dense  gases  and  in  sonic  nozzle 
beams  with  emphasis  on  the  important  role  of  pre-existing  van  der  Waals  mol¬ 
ecules  in  the  attachment  mechanism.  The  experimental  results  particularly 
for  O2  are  compared  with  recent  theories.  A  survey  is  also  given  briefly  of 
recent  studies  on  electron  solvation  and  localization  in  the  condensed  phase 
from  the  viewpoint  of  the  studies  on  electron  interaction  with  van  der  Waals 
molecules. 


1.  INTRODUCTION 

Electron  attachment  is  a  process  in  which  electrons  are  captured  by  atoms  or 
molecules  to  form  negative  ions.  Electron  attachment  or  negative-ion  formation 
processes  are  of  great  importance  not  only  in  atomic  collision  research  itself, 
but  also  in  related  research  fields  such  as  radiation  physics  and  chemistry, 
electrical  discharge  physics,  plasma  chemistry,  new  laser  research  and  develop¬ 
ment,  the  space  and  upper-atmosphere  sciences,  etc. 

Eleatpon  attachment  processes  are  classified  into  two  types;  dissociative 
and  non-dissociative  processes  as  shown  in  the  following  reaction  scheme, 

o  or  k  *  ^  A  +  X"  (1 ) 

e'  +  AX  -  *  Ax~  -c;;" 

1/t  AX"  +  energy.  (2) 

Interaction  of^low-energy  electrons  with  molecules,  AX,  produces  unstable  nega¬ 
tive  ions,  AX"  ,  with  a  crjss  section  a  or  a  rate  constant  k.  The  autodetach¬ 
ment  of  electrons  from  AX"  with  a  lifetime  x  may  compete  with  the  dissociation 
of  AX"*  or  with  the  formation  of  stable  molecuj^ar  negative  ion,  AX",  which  re¬ 
quires  the  release  of  excess  energies  from  AX"  .  The  lifetime  x  is  related  to 
the  electron-energy  width  of  the  attachment  resonance.  The  value  of  l/x  is  a 
rate  constant  ][or  the  autodetachraent  process.  In  the  presence  of  third-body 
molecules,  AX"  is  coll isionally  stabilized  to  form  stable  AX'.  The  branching 
ratios  among  the  unimolecular  processes  of  decaying  AX"*  depend  on  the  inter¬ 
relationship  of  the  potential  energy  curves  between  AX  and  AX',  and  also  on 
electron  energies.  The  relative  importance  of  the  collisional  stabilization 
process  in  the  overall  decaying  processes  of  electrons  depends  largely  on  these 
unimolecular  processes  particularly  the  lifetime  x  and  of  course  on  the  number- 
density  and  character  of  third-body  molecules,  in  which  one  may  expect  some 
environmental  effects  on  the  over-all  scheme  of  electron  attachment  processes. 

In  addition  to  the  determination  of  cross  sections  or  rate  constants  for  elec¬ 
tron  attachment  or  negative-ion  formation  and  their  electron  energy  dependences, 
it  has  been  of  prime  importance  to  clarify  the  attachment  mechanism,  not  only 
the  overall  mechanism  but  how  environmental  conditions  affect  the  mechanism. 
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Electron  attachment  processes  have  been  extensively  studied  both  theoretical¬ 
ly  and  experimentally,  and  these  are  comprehensively  summarized  in  recent  review 
papers. [1-9] 

Various  types  of  /ilecti’on  scattering  experiments  at  low  energies  less  than 
several  eV  have  given  cross  sections  of  electron  attachment  and  information  on 
the  initial  interaction  potential  between  an  electron  and  a  molecule,  and  thus 
provided  an  efficient  knowledge  of  the  structure  of  formed  negative  ions.  Since 
it  has  been  very  difficult,  in  general,  to  make  electron  attachment  experiments 
using  beam  methods  at  extremely  low  energies  particularly  near  thermal  energies 
[10,11];  heswy  particle  collisions  such  as  those  using  Rydberg  atoms[3,l 2,1 3] 
or  alkali  metal  atoms[14]  as  low  energy  electron  sources  have  been  a  good  sub¬ 
stitute  giving  an  important  information  on  electron  attachment  processes.  Elec¬ 
tron  scattering  experiments  using  beam  methods  at  such  low  energies  including 
even  thermal  energies  are  certainly  one  of  the  important  subjects  not  only  in 
collision  physics  itself  but  also  as  a  bridge  between  beam  experiments  and 
swarm  experiments. 

Electron-sbXirm  ■'^r  drift  tube  techniques  have  played  a  major  role  in  those 
investigations  and  accumulated  data  on  attachment  rate  constants,  their  elec¬ 
tron  energy  dependences,  formed  negative  ions,  etc[2,7].  Most  electron  swarm 
studies  monitor  the  rate  of  removal  of  electrons  in  the  swarm  drifting  in  a 
tube,  in  most  cases,  under  DC  electric  field  in  the  presence  of  a  buffer  gas. 
Christophorou  and  his  coworkers[2,7,15-18]  have  extensively  studied  electron 
attachment  in  dense  gases  as  quasi-liquids  by  using  his  swarm  technique  and  ob¬ 
tained  interesting  data  also  from  the  viewpoint  of  this  review.  The  data  will 
be  carefully  compared  later  in  this  review  with  those  obtained  by  the  present 
author's  group[19].  In  addition  to  usual  swarm  techniques  an  interesting  ap¬ 
proach  of  measuring  cyclotron  resonance  signals  due  to  free  electrons  in  gases 
has  been  carried  out  for  the  study  of  electron  attachment  to  various  molecules 
as  a  function  of  electron  energy  in  the  range  of  1  to  10  kT[20].  Another  in¬ 
teresting  approach  to  electron  attachment  studies  is  highly  sensitive  monitor¬ 
ing  of  electron  density  in  the  swarm  by  the  Cavalleri  method[21 ,22] .  The  pulse 
sampling  technique[23]  is  simple  but  capable  of  yielding  precise  data  particu¬ 
larly  on  energetics  of  negative-ion  formation.  A  microwave  technique  for  moni¬ 
toring  the  rate  of  removal  of  electrons  in  the  swarm  has  been  combined  with 
static  or  flowing  afterglows  produced  by  electrical  discharges[24 ,25] .  This 
technique  has  been  recently  combined  also  with  the  pulse  radiolysis  method  in 
order  to  eliminate  essential  limitations  including  in  the  above-mentioned  micro- 
wave  technique[l 9,26-43] .  The  response  time  of  the  detection  system  for  elec¬ 
trons  has  been  highly  improved  and  the  effect  of  the  presence  of  various  species 
in  afterglows  on  electron  attachment  processes  has  been  eliminated.  This  combi¬ 
nation,  therefore,  has  given  a  reasonably  good  selectivity  of  measuring  electron 
attachment  processes  even  in  multiple  collision  systems[19,31 ] . 

In  the  following  one  may  find  an  unique  standpoint  of  the  microwave  tech¬ 
nique  combined  with  the  pulse  radiolysis  method  in  electron  attachment  experi¬ 
ments.  For  the  study  of  electron  attachment  mechanism,  ordinary  swarm  tech¬ 
niques  may  have  some  essential  limitations  in  the  experiment  as  they  are  almost 
unavoidable  to  use  only  a  few  environmental  buffer  gases  for  which  the  swarm 
parameters,  electron  energy  distributions,  etc.,  are  well  known.  Therefore,  in 
cases  where  the  attachment  mechanism  is  strongly  dependent  on  the  particular 
nature  of  environmental  gases,  the  technique  may  not  give  enough  information  to 
evaluate  adequately  the  mechanism  in  detail.  Usual  beam  techniques  are  evi¬ 
dently  not  suitable  for  the  study  of  environmental  effects  on  the  attachment 
mechanism.  On  the  other  hand,  the  microwave  technique  has  been  used  as  an  al¬ 
ternative  means  for  such  studies  with  the  main  advantage  of  the  technique  allow¬ 
ing  to  observe  the  behavior  of  thermal  electrons,  thus  excluding  any  factor 
dependent  on  the  electron-energy  distribution.  For  usual  swarm  and  beam  tech¬ 
niques  it  has  been  difficult  to  study  electron  collision  processes  at  very  low 
energies  such  as  thermal,  whereas  such  studies  are  obviously  of  great  importance 
in  understanding  of  not  only  a  two-body  problem  such  as  electron  interaction 
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with  molecules,  but  also  various  phenomena  in  ionized  gases. 

The  microwave  technique  combined  with  the  pulse  radiolysis  method  has  shown 
recently  a  distinct  advantage  in  studying  thermal  electron  attachment  to  mol- 
ecules[19, 26-43],  By  employing  the  pulse  radiolysis  method  it  is  possible  to 
perform  time-resolved  observation  of  decaying  electrons  with  very  fast  response 
in  a  very  wide  range  of  the  pressure  of  an  environmental  gas  which  is  chosen 
with  virtually  no  limitation.  Thus,  the  mechanism  of  low-energy  electron  at¬ 
tachment  to  molecules  has  been  discussed  primarily  in  terms  of  the  interaction 
of  electrons  with  molecules. 

Recent  studies  of  thermal  electron  attachment  to  O2,  N2O  and  other  molecules 
have  revealed  that  the  electron  attachment  to  pre-existing  van  der  Waals  (vdW) 
molecules  or  neutral  clusters  plays  a  significant  role  in  the  overall  mechanism 
[19,29-43].  The  idea  of  electron  attachment  to  dimer  or  cluster  molecules  was 
suggested  and  discussed  to  some  extent  in  earlier  studies[44-46]  where  electron 
attachment  to  O2  was  investigated  at  low  temperature,  but  no  definite  conclu¬ 
sion  on  the  mechanism  could  be  drawn  because  of  the  insufficient  experimental 
data.  A  significant  development  in  such  studies  has  been  started  in  electron 
attachment  studies  using  experimental  techniques  which  were  originated  from 
radiation  chemistry;  one  is  the  microwave  technique  combined  with  pulse  radio- 
lysis[19, 32, 33, 35-37, 40-43],  the  other  is  the  competition  kinetics  of  steady- 
state  Y-radiolysis[47-49] .  Evidently  the  existence  of  electron  attachment  to 
vdW  molecules  compels  us  more  or  less  to  re-interpret  various  experimental  data 
obtained  previously.  Furthermore,  since  such  process  must  be  more  important  in 
dense  gases  or  in  the  condensed  phase,  the  studies  of  those  processes  will  pro¬ 
vide  insight  as  to  the  effect  of  the  density  on  the  reactions  involving  elec¬ 
trons  or  generally  on  the  electron-molecule  interaction  processes. 

There  have  been  remarkable  advances  in  the  investigation  of  electron  dynam¬ 
ics  in  dense  gases.  The  obtained  experimental  results  and  theoretical  aspects 
of  electron  attachment,  recombination  and  transport  in  dense  gases  have  been 
summarized  in  recent  review  articles[2, 15-19, 83, 89, 141-143, 158-160]. 

In  this  neview,  therefore,  discussions  are  focused  on  the  recent  development 
in  the  experimental  studies  of  electron  attachment  in  dense  gases  giving  evi¬ 
dence  for  an  important  role  of  pre-existing  vdW  molecules  in  the  attachment 
mechanism,  and  on  the  essential  features  of  electron  attachment  to  vdW  molecules 
in  comparison  with  those  of  ordinary  electron  attachment  to  isolated  molecules. 
Important  results  on  electron  attachment  to  ordinary  isolated  molecules  have 
been  also  obtained  in  this  experiment  and  they  are  compared  with  recent  theories 
and  experiments.  A  comparison  between  the  results  on  electron  attachment  to  vdW 
molecules  and  those  on  electron  attachment  to  ordinary  isolated  molecules  has 
clarified  characteristic  features  of  the  former  attachment  mechanism,  in  which 
the  substantial  effect  of  the  presence  of  vdW  potentials  on  the  electron  at¬ 
tachment  resonance  has  been  indicated.  The  rate  constant  for  the  former  attach¬ 
ment  process  is  much  larger  than  that  for  the  latter  process.  The  main  emphasis 
of  the  argument  is  on  the  electron  attachment  to  O2,  but  the  attachment  proc¬ 
esses  involving  N2O  and  some  other  molecules  are  also  discussed.  A  survey  is 
also  given  of  recent  related  topics  such  as  electron  attachment  to  cold  clusters 
in  nozzle  beams,  Rydberg  atom  collisions  with  clusters  to  form  negative  ions, 
electron  collisions  with  thin-layer  condensed  molecules,  and  electron  solvation 
and  localization  in  condensed  molecular  media. 


2.  THERMAL  ELECTRON  ATTACHMENT  TO  02  AND  VAN  DER  WAALS  MOLECULES  CONTAINING  O2 

Oxygen  is  probably  the  most  extensively  studied  molecule  in  the  investigation 
of  low-energy  (<1  eV)  electron  attachment,  mainly  because  this  molecule  is  a 
main  constituent  of  atmospheric  gases  and  therefore  practically  important  in 
various  viewpoints.  A  number  of  studies[2,5,16,19]  have  been  devoted  to  eluci¬ 
date  the  electron  attachment  mechanism  since  most  experimental  results  have 
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shown  that  the  rates  of  disappearance  of  electrons  are  proportional  to  the 
square  of  gas  pressure.  The  well,  and  only,  accepted  mechanism  has  been  the 
overall  two-step  three-body  mechanism  which  was  originally  suggested  by  Bloch 
and  Bradbury[50]  and  was  later  modified  by  Herzenberg[46]  to  be  consistent  with 
modern  experimental  data;  the  mechanism  for  O2-M  mixture,  where  M  is  a  molecule 
other  than  O2,  is  expressed  as  follows. 


.*  k2 

O2  - 

-*  ^3 

O2  +  O2  - 

.*  M 

O2  +  M  - 


O2  +  e 
O2  +  O2 
O2  M 


The  vibrational  chajacteristics  of 
the  negative  ion  O2  are  established 
from  electron  impact  and  scattering 
experiments[51 -55]  and  the  electron 
affinity  of  O2  is  0.44  eV[56].  For 
convenience,  the  potential  energy 
diagcams[19]  for  02(x32;g)  and 
02(X^ng)  are  shown  in  Fig.l.  It  can 
be  seen  that  the  lowest  resonance 
involves  the  vibrational  levels, 

O2  {v=0)  and  0?  (v'=4),  at  low  elec¬ 
tron  energies  (especially  for  thermal 
electrons),  and  the  resonance  energy 
is  about  0.08  eV.  (See  a  detailed 
discussion  in  ref. [35]) 

Since  all  electron-decays  for 
O2-M  mixtures  in  the  above-mentioned 
experimental  condition  show  pseudo- 
first  order  behavior,  each  decay 
curve  gives  an  electron  lifetime  tq 
which  is  ascribed  to  the  following 
thermal  electron  attachmer.;.  process 
[31]. 


cO.6  V.3' 


OjX^; 


l.O  1.1  1.2  1.3  1.4  1.5  1.6  L7 

I.NTERNLCl.KAR  SEP.ARATION  Ai 


FIGURE  1 

Potential -energy  curves  for  0?  and  0? 
[19]. 


where  is  the  effective  two-body  rate  constant  and  is  related  to  tq  as 

,  k^(k3[02]+k^[M]) 

'^eff  "  To[02]  "  k2+k3[02]+k^[M]  ' 


where  the  blacket  [  ]  means  the  density  of  each  molecule.  The  key  feature  to 
which  one  should  pay  attention  when  one  evaluates  the  validity  of  the  Floeh- 
(oD/  maeruittism  is  the  saturation  of  electron  attachment  rate  with  in¬ 
creasing  the  pressure  of  M.  This  is  due  to  the  fact  that  the  overall  attach¬ 
ment  rate  can  not  exceed  the  value  of  ki ,  which  can  be  understood  from  Eq.  8. 
Equation  8  can  be  reduced  to 

k,kJM]  1  1 


kik^[M] 

k2+k4[M] 


to[02]  =  —  + 
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when  [O2]  is  much  smaller  than  [M],  where  km{=ki k4/k2)  is  the  overall  three 
body  rate  constant.  Based  on  Eqs.  8  and  9,  Shimamor^  and  Hatano[31]  confirmed 
the  validity  of  the  BB  mechanism  in  many  O2 -M  binary  gas  mixtures.  From  the 
plot  of  To[02]  against  1/[M]  which  is  based  on  Eq.  9,  they  determined  the  value 
of  ki=4. 8x10-11  cm3/sec  and  the  value  of  kj^  for  each  stabilization  partner, 
which  is  listed  in  Table  J  with  the  values  obtained  by  other  workers.  The  auto¬ 
ionization  lifetime  of  O2  ,  i.e.,  the  value  of  l/k2,  was  also  estimated  to  be 
~10-10  sec  which  was  comparable  to  the  predictions  of  some  theoietical  treat- 
ments[46, 57-60]  (see  Table  2).  On  the  othf  hand,  however,  there  existed  some 
inconsistencies  between  these  results  and  o'  ler  data.  Christophorou  and  co- 
workers[l 5,1 7,61 -63]  investigated  electron  attachment  in  O2-C2H4,  O2-C2H6  and 
O2-N2  mixtures  at  very  high  gas  pressures  (<30  atm),  and  observed  that  the  at¬ 
tachment  rate  in  O2-C2H4  system  showed  a  saturation  at  very  high  pressures,  but 
the  rates  in  O2-C2H6  and  O2-N2  mixtures  continued  to  increase  steeply  with  in¬ 
creasing  the  pressures  of  C2H5  and  N2  respectively.  They  reported  the  value  of 
k]  much  larger  than  that  obtained  by  Shimamori  and  Hatano[31]  and  corresponding¬ 
ly  a  considerably  shorter  lifetime 
of  O2*  (see  Table  2).  A  similar 
difficulty  was  encountered  when 
the  earlier  work  by  Pack  and 
Phelps[64,65]  on  O2-CO2  mixtures 
was  examined.  Their  result 
showed  no  saturation  behavior  up 
to  1  atm  of  CO2  pressures, 
whereas  according  to  the  results 
of  Shimamori  and  Hatano[31J  the 
saturation  could  be  expected  at 
CO2  pressures  around  several 
hundreds  Torr.  Such  difficulties 
have  been  demonstrated  more 
clearly  and  analyzed  by  recent 
work  of  Kokaku  and  coworkers 
[32,33]. 

Kokaku  and  cov.orkers  in  the 
Joint  research  between  Tokyo  and 
Notre  Dame  have  studied  using 
the  microwave  technique  combined 
with  the  pulse  radiolysis  method 
O2-CO2  and  several  02-hydrocarbon 
systems  at  pressures  from  less 
than  100  Torr  to  1000  Torr  and 
found  that  the  BB  mechanism  can 
account  for  the  data  in  the  low 
pressure  range  but  fails  to  ex¬ 
plain  the  result  at  higher  pres¬ 
sures.  The  data  for  O2-C2H4 
mixtures  are  shown  in  Fig.  2 
as  an  example,  where  the  high 
density  part  of  the  data  agrees 
well  with  the  data  obtained  by 
Goans  and  Christophorou[62] 
using  a  swarm  technique.  This 
research[32,33]  has  clarified 
a  significant  discrepancy  be¬ 
tween  the  values  of  k]  and  l/k2  obtained  by  the  pulse  radiolysis-microwave 
technique[31 ]  and  those  obtained  by  the  swarm  technique [62] .  A  deviation  from 
the  three-body  pressure  dependence  of  attachment  rates  was  also  observed  by 
Grunberg[77 ,78]  for  pure  O2  and  O2-CO2  mixtures  and  by  Bartels  for  02-He  mix- 
tures[79].  Thus  it  has  become  obvious  that  a  consistent  interpretation  in  terms 


FIGURE  2 

Dependence  on  C2H4  density  of  the  effec¬ 
tive  two-body  rate  constant  of  thermal 
electron  attachment  in  02-0284  mixtures 
at  room  temperature.  The  dashed  curve 
represents  the  expected  contribution 
from  the  BB  mechanism[32] . 
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TABLE  1  Three-body  Attachment  Rate  Constants,  Lm,  for  the  Reaction, 
e'  +  O2  +  M  —  O2  +  H.  at  Temperature. 


M 

k|^(10"^*^cm®/sec) 

Ref. 

M  k„i 

[10‘^°cm^/sec) 

Ref. 

He 

0.033 

31 

C2H6 

1 .3 

33 

0.03 

44 

1 .5 

62 

0.07 

66 

1 .7 

31 

Ne 

0.023 

31 

0.9 

35 

Ar 

0.05 

31 

C3H8 

3.2 

33 

Kr 

0.05 

31 

3.3 

31 

Xe 

0.085 

31 

n-C4H|0 

4.2 

41 

H2 

0.48 

29 

4.5 

33 

D2 

0.14 

29 

5 

31 

^2 

0.06 

0.085 

44 

30 

7.9 

7 

31 

32 

0.09 

41 

8.0 

31 

0.1 

67 

n-C6Hi4 

8.1 

31 

0.11 

22,66 

C6H6 

8.5 

74 

0.15 

62,63. 

,68 

18 

73 

0.26 

69 

CO 

1 .31 

41 

0.10 

37 

CO2 

3 

65, 

.71 , 

,73 

02 

1.7 

69 

74, 

,76 

2.0 

65 

3.2 

32 

2.1 

45,66, 

.70 

3.23 

67 

2.15 

67 

3.5 

22 

2.2 

29,41. 

,71 

H2O 

14 

65. 

,74. 

,75 

2.3 

30,68 

15.2 

73 

2.6 

72 

H2S 

9 

74 

2.8 

44 

10 

73 

2.2 

22 

NH3 

6.8 

74 

CH4 

0.34 

31 

7.5 

73 

C2H4 

1.5 

62 

CH3OH 

8.8 

74 

1.7 

73 

9.6 

73 

2.0 

32 

11 

31 

2.3 

72 

CpH^OH 

18 

31 

2.5 

74 

CH3COCH3 

27 

74 

3 

31 

35 

73 

3.1 

75 

3.4 

75 

1  .3 

36 

TABLE  2 

Lifetime  of 

O2*  (X^Hg 

,  v'=4) 

Lifetime 

(lO'^^sec) 

Ref. 

.Author(s) 

Theory 

Herzenberg  (1969) 

300 

46 

170 

59 

Koike  and  Watanabe  (1973) 

72 

57,58 

Koike  (1973,  1975) 

88 

60 

Parlant  and  Fiquet-Fayard  (1976) 

Experiment 

Shiraamori  and  Hatano  (1977) 

100 

ol 

63 

41 

Shimamori  and  Fessenden  (1981) 

2 

61-63 

Christophorou  et  al.  (1972,  1972,  1974) 

91 

35 

Toriumi  and  Hatano  (1983) 

66 

37 

Toriumi  and  Hatano  (1985) 
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of  only  the  BB  mechanism  is  not  possible  in  a  wide  range  of  the  pressures  of  M 
and  additional  mechanism  must  be  considered  to  explain  the  high-pressure  data. 
One  of  the  strong  candidates  for  such  a  mechanism  is  uleatmn  attachment  to  vaW 
ntolecuLes  as  was  indicated  by  Kokaku  and  coworkers[32,33] . 

O2  +  M  .  (O^-M)  (10) 


e”  +  (02’M)  - »■  Stable  ion  (11) 

where  Kgq  is  the  equilibrium  constant  for  vdW  molecule  formation.  One  should 
note  here  that  the  density  of  vdW  molecules  is  determined  by  Keq[02][M],  and  the 
value  of  Keg  can  be  estimated  by  Stogryn  and  Hirschfelder's  theoretical  treat- 
ment[80].  Several  experiments  have  provided  evidnece  for  the  existence  of  vdW 
molecules  in  the  gas  phase[81 -83] .  The  analysis  of  experimental  data  for  sev¬ 
eral  O2-M  mixtures[32,33]  has  shown  that  process  11  may  ngt  be  a  single  step 
but  a  BB  type  mechanism  involving  an  intermediate  (02-M)"  ; 


e"  +  (O-'M)  — 

(02-M)'* 

(12) 

*  ''6 
(Op-M)'  — ^ 

O2  +  M  +  e” 

(13) 

*  h 

(O^-M)"  +  M  — 

■  02"  +  2M 

(14) 

In  the  treatment  made  by  Kokaku  and  coworkers[32,33] 


"eff 


^BB 

•'eff 


kg+k^CM] 


kggg  is  expressed  as 
(15) 


BB  -9 

where  kef,-  is  equivalent  to  Eq.  8.  The  estimated  values  of  ks  are  (2-20)xl0" 

cm3/sec  depending  on  M,  where  it  is  highly  attractive  that  all  the  values  for 
k5  are  much  larger  than  the  value  of  k-|  (=4.8xl0"llcm3/sec) .  This  result  sug¬ 
gests  that  in  the  case  of  vdW  molecules  the  initial  electron  capture  mechanism 
differs  substantially  from  the  case  of  isolated  molecules.  There  was  some  doubt 
in  the  proposed  vdW  mechanism  in  a  sense  that  the  introduction  of  such  mechanism 
resulted  from  the  procedure  of  data  analysis  in  order  to  elucidate  the  addition¬ 
al  mechanism  of  electron  attachment  at  higher  pressures  of  M.  A  recent  study 
by  Shimamori  and  Fessenden[41 ] ,  however,  has  wiped  out  this  doubt  and  verified 
the  presence  of  the  vdW  mechanism.  They  have  measured  the  temperature  depen¬ 
dence  of  three-body  rate  constants  in  pure  O2  (1^02  and  '°02),  02-h2,  and  O2-CO 
mixtures.  The  I8O2  "’olecule  has  been  used  in  order  to  understand  the  effect  of 
a  change  in  the  resonance  energy  of  the  electron  attachment.  It  has  been  found 
in  the  above  system  that  when  temperature  is  lowered  from  room  temperature  down 
to  liquid  nitrogen  temperature  the  rate  constants  show  marked  increases.  The 
result  for  i502  is  shown  in  Fig.  3.  According  to  Herzenberg's  theory[46],  which 
is  based  on  the  Breit-Wigner  formalism  for  the  resonance  capture,  the  three- 
body  rate  constant,  as  denoted  here  by  k®®  which  corresponds  to  the  experimen¬ 
tally  obtained  k|v|,  can  be  expressed  as 

f:-kL-(4)^^^exp(-Eg/kT)  (16) 


where  h,  m,  and  k  have  their  usual  meanings,  Kl  the  Langevin's  rate  constant,  E 
the  stabilization  efficiency,  T  the  absolute  temperature,  and  Eq  the  resonance 
energy.  Equation  16  predicts  a  simple  decrease  in  rate  constant  with  reduced 
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FIGURE  3 

The  temperature  dependence  of  the 
three-body  rate  constant  of  02[41] 
The  broken  line  shows  the  temper¬ 
ature  dependence  of  the  rate  con¬ 
stant  calculated  ^rom  Herzenberg's 
theory[46].  The  solid  line  shows 
a  calculated  curve  which  involves 
both  the  contributions  from  the 
broken  line  and  the  rate  constant 
due  to  electron  attachment  to  ven 
der  Waals  molecule  (02)2' 


temperature.  The  expected  curve  for  ^®02  calculated  from  Eq.  16  assuming  6  to 
be  unity  is  drawn  in  Fig,  3.  Since  an  extra  contribution  which  increases  with 
lowered  temperature  is  evident,  electron  attachment  to  the  vdW  molecule  ('°02)2 
has  been  proposed  to  account  for  this.  Similarly  the  importance  of  electron 
attachment  to  (02’N2)  and  (02*C0)  has  also  been  demonstrated.  Consequently  the 
proposed  mechanism  responsible  for  the  extra  increase  in  attachment  rates  at 
low  temperature:  is  written  as 

e  +  (02-M)  - O2  ^  M  (17) 

where  M  is  not  only  a  foreign  molecule,  but  can  be  O2  itself  in  the  case  of 
pure  O2.  Thus  the  total  effective  rate  constant  can  be  expressed  as 

kgff  =  k„[M]  +  K^qkg[M]  (18) 

where  the  first-term  means  a  contribution  from  the  BB  mechanism  in  the  low- 
pressure  region.  As  the  dependence  of  the  excess  portion  of  the  rate  constant 
on  temperature  follows  rather  closely  the  density  of  vdW  molecules  calculated 
on  the  basis  of  Stogryn  and  Hirschfelder's  theory[80],  the  rate  constant  for 
electron  attachment  to  vdW  molecules  is  only  weakly  dependent  on  temperature. 

The  estimated  rate  constants  for  this  attachment  are  of  the  same  order  of  mag¬ 
nitude  as  those  obtained  from  high  pressure  data. 

It  is  evident  that  not  only  at  low  temperatures  but  even  at  room  temperature 
there  are  definite  contributions  from  electron  attachment  to  vdW  molecules.  In 
the  case  of  pure  oxygen  approximately  10%  of  the  attachment  may  be  due  to  the 
vdW  molecules  at  around  room  temperature.  Quite  remarkable  is  the  result  of 
O2-N2  mixtures.  The  three-body  rate  constant  for  N2  increases  monotonical ly 
with  reduced  temperature,  which  implies  that  most  of  the  electron  attachment  is 
resulting  from  a  vdW  mechanism  at  all  temperatures  studied  (79-300  K).  There¬ 
fore  previous  analyses  and  the  interpretation  of  the  experimental  data  for  O2-N2 
system  may  need  to  be  changed  somewhat  as  far  as  the  detailed  mechanism  is 
concerned. 
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Both  pressure  depenclent[32,33]  and  temperature  dependent[41  ]  experiments, 
therefore,  have  given  the  evidence  for  an  important  role  of  pre-existing  vdW 
molecules  in  the  mechanism  of  thermal  electron  attachment  in  pure  O2  and  O2-M 
mixtures.  In  the  pressure  dependent  experiments,  however,  the  obtained  data 
have  been  analyzed,  assuming  the  vdW  mechanism  as  an  gverall  two  stage  mecha¬ 
nism  involving  a  collisional  stabilization  of  (02-M)'  ,  while  in  the  tempera¬ 
ture  dependent  experiments  assuming  the  mechanism  as  a  single-step  process 
without  collisional  stabilization  of  (02*M)"  .  In  order  to  get  quantitative 
information  about  the  vdW  mechanism,  it  has  been  necessary  to  make  experiments 
in  the  wide  range  of  both  pressure  and  temperature  and  to  analyze  the  obtained 
data  without  these  assumptions[35-37] . 

To  analyze  the  experimental  data  of  O2-C2H5,  O2-C2H4  and  O2-N2  mixtures,  a 
general  vdW  mechanism  has  been  presentedt35-37]  as  follows; 


e"  +  (Oj-M) 
(02-M) 


(Op-M)'*  +  M 


^10 

kl3 


(02-M)'* 
(02-M)  +  e" 
O2  +  M  +  e" 
O2'  +  M 
O2'  +  2M 
O2  +  2M  +  e' 


(13) 

(20) 

(21) 

(22) 

(23) 

(24) 


The  observed  electron  attachment  rate  constant,  kgff,  is  divided  into  two  com¬ 
ponents. 


k  =  k®®  +  k"^'^ 
•^eff  '^eff  '^eff 


(25) 


The  former  component  corresponds  to  electron  attachment  to  isolated  oxygen  mol¬ 
ecule  or  the  BB  mechanism,  while  the  latter  component  to  electron  attachment  to 
vdW  molecule  or  the  mechanism  as  listed  above.  The  both  components  can  be 
expressed  as, 

^off  RR  ^ 

k^+k°“[M]  V''l0'^'^ll'^<''l2^''l3^f'^^ 

This  is  a  general  expression  for  the  pressure  dependence  of  the  observed  attach¬ 
ment  rate.  The  temperature  dependence  of  the  process  19  is  given  by. 


where  Ef  and  r5  are,  respectively,  the  energy  and  the  width  for  the  resonance 
attachment  process  19.  The  observed  electron  attachment  rates  in  the  wide 
ranges  of  both  pressure  and  temperature  have  been  analyzed  using  Eqs.  16,  26 
and  27  by  the  least-square  fitting.  Important  rate  parameters  for  the  BB  mecha¬ 
nism  such  as  the  rate^constant  for  the  initial  electron  attachment  to  O2  (ki), 
the  lifetime  t  of  O2’  (X2ng,  v'=4);  i.e.,  the  resonance  width,  and  the  overall 
three  body  attachment  rate  constants  have  been  obtained  from  the  experiments  on 
0z~^2^6’  02"C2H4,  and  O2-N2  mixtures.  The  values  of  t  are  again  in  good  agree¬ 
ment  with  those  obtained  by  theories  (See  Table  2).  Each  three  body  rate  con¬ 
stant  is,  respectively,  smaller  than  that  obtained  previously  without  taking 
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TABLE  3  Rate  Constant  k5.  Resonance  Energy  E|-,  Resonance  Width  r5, 
Electron  Density  v^fp  and  Cross  Section 


(02'M) 

Er(meV) 

r5(peV) 

Vrfp 

ah{A2) 

k5(10*llcm3/sec) 

(02-N2) 

20 

800 

0.71 

2500 

3000 

(02-C2H6) 

30 

450 

0.89 

1700 

1100 

(02-C2H4) 

45 

270 

0.92 

1100 

380 

O2 

88(Eo) 

lO(ri) 

0.47 

570 

3(ki) 

into  consideration  of  the  vdW  mechanism  (See  Table  1).  The  value  of  k-|  obtained 
from  O2-N2  cystem[37],  which  is  selected  as  a  convenient  system  to  determine  the 
value  of  ki ,  is  about  3x10*1 Icm^/sec.  This  value  agrees  within  experimental 
errors  with  those  obtained  from  02'C2H6[35]  and  02-C2H4[36]  systems,  and  with 
the  value,  4.8x10*1 Icm^/sec,  which  was  obtained  previously  by  Shimamori  and 
Hatano[31].  This  value  is  also  consistent  with  qualitative  results  of  k]  ob¬ 
tained  by  other  groups[66,69,71 ]  expect  for  the  value  obtained  by  the  extremely 
high  oressure  swarm  technique[62] .  It  should  be  noted  here  that  the  value, 
3xl0-ilcm3/sec,  is  in  good  agreement  with  the  theoretical  values,  2.5xlO*11[57- 
59]  and  2.1xl0*ll[60]  cm3/sec. 

The  important  rate  parameters  for  the  vdW  mechanism  such  as  the  rate  constant 
for  the  initial  electron  attachment  to  (02'M)  where  M=C2H6,  C2H4  and  N2,  and  the 
lifetime  *  of  (02*M)'*,  i.e.,  the  resonance  width,  have  been  also  obtained  from 
this  experiment[35-37].  The  rate  constants  for  the  initial  electron  attachment 
to  (02‘M)  which  are  summarized  in  Table  3  are  larger  then  those  obtained  from 
either  pressure-  or  temperature-dependent  experiment  with  an  assumed  mechanism. 


FIGURE  4 
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A  model  of  variation  of  potential  energies  for  02{v=0)-M  and 
02(v'=4)-M  systems  as  a  function  of  intermol ecul ar  di stance[l 9] . 
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The  values  of  k5  in  Table  3  are  again  much  larger  than  the  above-mentioned  ki 
values,  '■'he  values  of  the  resonance  energy  and  width  are  also  summarized  in 
Table  3.  _T.  f  v  e'  +  (02'M)  '  (02-M)'*  ."K-h  .z"nlle!'  th-i>L 

e  +02"  0^"  •  v'ii’’  'in  for  the  ;  root,.;::  i,;  riu<:‘h  'or  o  r 

■  ior  ‘k.;:  [  ro-.  r,:,  iirr:  ■  rhn:  -.  ’•■■■>:!  'n  tne  .-Ltaohnoro,  rizt 

■  '  k^  '  ■  k5  ht::  •■■  ■■):  ■;.:ouc::r.i  tiool':  itoool  ,  r.  iit.oi  to  th.:  Jo- 

•r  o:  '  K  -  to  rio  v:  :  in-'  Cyioro,:.'.-  o:  too  /'.  e'OH'cr-'o  .'t '.[37] .  The 

reason  for  the  decrease  in  the  resonance  energy  has  been  ascribed  to  the  fact 
that  the  resonance  state  is  much  stabilized  by  the  polarization  interaction  be¬ 
tween  O2  and  M[19,35,41].  Such  situation  is  depicted  in  Fig.  4  where  schematic 
potential  energy  curves  are  shown  for  O2-M  and  O2  -M  systenis[l 9] .  Figure  4 
shows  that  near  to  the  equilibrium  intermolecular  distance  the  effective  reso¬ 
nance  energy  of  02'-M  system  is  much  reduced  and  even  superimposed  on  the  O2-M 
curve.  The  existence  of  a  number  of  vibrational  states  in  both  ion  complex  and 
neutral  systems  may  be  another  major  factor  of  the  large  transition  probabil¬ 
ities. 

When  the  resonance  width  is  narrower  than  the  energy  distribution  of  thermal 
electrons,  the  attachment  rate  constant  is  expressed  as, 


k 


5 


vf  -dv 
J 


•dv 


(28) 


where  v  is  electron  velocity,  f  is  a  Maxwell  distribution  function  of  elec¬ 
trons,  o  is  attachment  cross  section,  the  suffix  r  means  a  value  at  resonance 
energy  E^.  The  factor  v^fr  io  this  equation  means  the  density  of  electrons 
with  velocity  v^  to  attach  to  vdW  molecules.  The  value  of  v^fr  is  given  in 
Table  3,  which  shows  that  v^f^  increases  with  decreasing  ■"“sonance  energy.  The 
number  of  electrons  which  can  attach  to  vdW  molecules  increase^  as  compared  with 
those  to  isolated  03. 

Since  the  cross  section  of  a  resonance  process  is  expressed  by  the  Breit- 
Wigner  formuId[46,84  ,f:5],  the  energy- intergra  ted  cross  section  is  written  '.s 
fol lows; 


4 

B  h  b 


(29) 


where  k  is  the  wave  number  of  incident  electron,  E^  and  ;'5  are  assumed  to  be  in¬ 
dependent  of  energy,  and  -j,  means  the  effective  magnitude  of  electron  attachment 
cross  section,  which  equals  to  ■  .■  ' . .  n  ■ . 

Table  3.  At  -emely  low  energy  electron  collision  such  as  electron  attachment 
to  vdW  molecui  a  "small"  vdW  molecule  is  supposed  to  collide  with  "large" 
electron  clouds,  of  which  cross  section  is  determined  by  a  size  of  the  de 
Broglie  wave  length  of  incident  electrons.  With  decreasing  the  1 esonance  ener¬ 
gy,  therefore,  the  at^tachment  cross  section  should  increase.  It  should  be 
no"ed  that  the  maxinum  value  of  emprically  obtained  crosv  section  values  for 
dissociative  attachment  processes  at  low  energy  are  resonably  explained  by  the 
de  Broglie  wavelength  of  incident  elertron[86,87]. 

The  resonance  width  Fi^  is  expressed  by  Wigner's  threshold  rule[57-b9] 


wher“  f  is  the  Ft anck-Condon  factor  und  is  an  angular  momentum  of  resonant 
eiectionic  part’al  wave.  In  the  case  of  isolated  O2  the  resonance  state 
O2"  (k-:g,v'=4)  can  couple  with  only  one  electronic  partial  wave  with  an  angu¬ 
lar  monentum  .'  =  2[46, 57-59] .  In  the  c 'se  of  vdW  molecules  intermolecular  inter¬ 
action  may  couple  with  additional  partial  waves  such  as  p  wave  and  s  wave  with 
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low  energy.  If  the  orbital  of  02'(flg)  is  distorted  by  a  third-body  molecule, 
new  attachment  channels  can  open  with  lower  angular  momentum  of  electrons  and 
the  resonance  width  may  increase. 

It  has  been  necessary  to  make  a  quantitative  ealeulation  of  these  effects 
using  precise  wave  functions  of  O2-H  system.  Very  recently,  Huo  et  al.[88] 
have  made  such  calculations  on  O2-N2  system  and  compared  their  result  with  ex¬ 
periments.  They  have  been  successful  in  explaining  the  large  enhancement  in 
the  attachment  rate  constant  for  vdW  molecules  using  SCF  wave  functions  corre¬ 
sponding  to  two  geometries,  T-shape  and  linear,  for  (02"N2)  vdW  molecules.  The 
large  enhancement  in  the  attachment  rate  constant  has  been  clearly  elucidated 
quantitatively  in  this  theoretical  calculation  by  the  effect  of  additional  vi¬ 
brational  structures  of  the  vdW  molecule  on  the  attachment  process,  the  symme¬ 
try  breaking  which  allows  the  molecule  to  attach  a  p  wave  electron,  and  the 
lowering  of  resonance  energy  due  to  a  deeper  O2  -N2  potential  iti  comparison 
with  O2-N2  potential  as  shown  schematically  in  Fig.  4. 

Very  recently  an  interesting  approach  to  this  problem[42,43] ,  the  use  of 
I802  instead  of  '®02,  has  substantiated  further  the  electron  attachment  to  vdW 
molecules.  For  the  BB  mechanism,  the  is.  te:e  may  be  expected  to  appear 

as  change  in  rates  of  the  initial  attachment  and  autoionization  channels, 
which  are  caused  by  the  decrease  of  the  resonance  energy  for  '°02  in  comparison 
with  I602.  Such  an  effect  brings  about  the  increase  of  the  three-body  rate 
constant  for  '^02  by  a  factor  of  about  2.4  which  is  obtained  from  the  isotope 
effect  of  Eg.  16.  In  the  case  of  the  BB  mechanism,  therefore,  the  ratio  of  the 
three-body  rate  constant  for  '202  system  to  that  for  ^602  system  at  the  same 
temperature  should  be  2.4,  while  in  the  case  of  the  vdW  mechanism  the  ratio  is 
expected  to  be  unity.  The  experimental  ratios  for  rare  gases  as  third  bodies 
are  almost  equal  to  or  even  less  than  unity,  which  strongly  indicates  that  the 
BB  mechanism  is  not  important  and  therefore  the  vdW  mechanism  dominates  in  these 
systems.  In  contrast  with  rare  gasses  the  ratios  for  hydrocarbons  are  rather 
close  to  the  theoretically  estimated  value  2.4. 

As  mentioned  in  the  introduction  of  this  review,  electron  swarm  data[62]  were 
reported  in  02-C2Hg,  02-C2H^  and  O2-N2  systems  up  to  about  10^1  molecules/cm^ 
(SxlO^Torr)  and  simply  elucidated  only  by  the  BB  mechanism.  An  attempt  has  been 
made[33 ,35,36] ,  therefore,  ,  ■  J:;  by  the  com¬ 

bination  of  the  BB  mechanism  and  the  vdW  mechanism.  The  electron  swarm  data  for 
O2-C2H6  and  O2-C2H4  systems  are  well  explained  up  to  about  4x10^0  mol ecul es/cm^ 
by  the  combination  of  both  mechanisms.  It  is  obvious  that  the  contribution  from 
the  vdW  molecule  is  dominant  in  these  density  ranges.  The  large  deviations  in 
the  data  from  the  combination  of  the  two  mechanisms  at  the  higher  densities  than 
4x10^0  mol ecul es/cm^  may  indicate  the  electron  attachment  to  large  vdW  molecules 
such  as  02(6286)2,  or  may  require  to  introduce  additionally  some  collective 
properties  of  these  hydrocarbon  molecules  to  explain  the  density  effect  of  elec¬ 
tron  attachment  in  this  region. 

An  attempt  has  been  made  to  explain  theoretically  such  density  effects  in 
the  whole  density  ranges  by  using  ;•  '  ■■  ..  [89,90],  in  which  the 

electron  attachment  rate  to  an  O2  molecule  depends  on  the  number  of  hydrocarbon 
molecules  inside  an  effective  volume  over  which  the  electron  attachment  rate  is 
significantly  perturved.  The  least-squares  fit  of  the  theoretically  obtained 
equation  to  the  data  has  given  various  rate  parameters  corresponding  to  the 
contribution  from  the  larger  clusters. 

Electron  attachment  to  Op  has  been  investigated  in  . .  •  hydrocarbon 

fluids  at  densities  up  to  about  10^*^  niolecules/cmd  using  the  pulsed  electric 
conductivity  technique]?! ] ,  and  the  results  have  been  explained  in  terms  of  the 
effect  of  the  change  in  the  electron  potential  energy  and  the  polarization 
energy  of  O2'  in  the  medium  fluids.  In  general  electron  attachment  to  0?  is 
considered  to  be  a  convenient  probe  to  explore  electron  dynamics  in  the  con- 
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densed  phase. 

It  must  be  pointed  out  finally  that,  since  in  many  O2-M  systems  the  BB  mech¬ 
anism  has  been  found  to  be  unsatisfactory  especially  in  dense  gases  or  at  low 
temperatures  and  even  at  ordinary  experimental  condition  such  as  at  room  tem¬ 
perature  at  low  pressures  an  evidence  for  electron  attachment  to  pre-existing 
vdW  molecules  has  been  obtained,  then  the  magnitudes  of  the  values  of  three  body 
rate  constants  listed  in  Table  1  may  not  reflect  the  magnitudes  of  collisional 
stabilization  efficiencies  of  02"*  by  third  bodies. 


3.  THERMAL  ELECTRON  ATTACHMENT  TO  VAN  OER  WAALS  MOLECULES  CONTAINING  N2O  AND 
OTHER  MOLECULES,  AND  A  GENERAL  DISCUSSION  OF  THE  ATTACHMENT  MECHANISM 

There  have  been  a  number  of  studies  of  low-energy  electron  attachment  to  N2O. 
The  proposed  mechanism  was  a  dissociative  electron  attachment, 

e'  +  NjO  — >  +  O'  (31) 

This  process  is  known  to  be  0.21  eV  endothermic,  but  early  electron  impact 
studies[92,93]  indicated  the  process  to  have  a  threshold  close  to  0  eV,  which 
was  explained  by  attachment  to  internally  excited  N2O  molecules[94] .  In  fact  a 
strong  temperature  dependence  of  0'  formation  was  found  at  electron  energies 
near  0  eV[95]. 

On  the  other  hand,  quite  interesting  was  the  observation  of  an  apparent 
three-body  pressure  dependence  of  attachment  rates  in  pure  N2O  even  at  electron 
energies  below  0.2  eV[96,97].  This  effect  was  ascribed  to  a  three-body  reaction 

e'  +  N2O  +  NjO  — ^  NjO'  +  N2O  (32) 

although  there  has  been  no  evidence  for  N2O'  formation  by  direct  electron 
capture. 

Most  significant  results  obtained  in  recent  studies[38-40] ,  however,  are  the 
appearance  of  upward  deviation  from  the  saturation  curve  as  expected  from  the 
two-step  three-body  processes  for  attachment  rate  in  N20-hydrocarbon  and  N2O- 
CO2  mixtures  in  the  high  pressure  regions.  This  bihavior  has  been  explained  by 
the  appearance  of  electron  attachment  to  vdW  molecules. 


N„0  +  M  ■  » 

(33) 

1^14 

e  +  (N20-M)  - ^ 

Products 

(34) 

-11  3 

The  estimated  values  of  ki4  are  (2-10)xlO  cm  /sec  depending  on  the  third 
body  M.  These  are  about  two  orders  of  magnitudes  larger  than  that  for  e"  +  N2O 
■  N20“*.  It  has  also  been  found  that  the  excess  portion  of  the  attachment 
rates  shows  almost  no  temperature  dependence  thus  suggesting  that  process  34 
has  quite  a  small  activation  energy. 

All  these  characteristics  are  quite  similar  to  the  case  of  oxygen.  There¬ 
fore  essentially  the  same  effects  as  discussed  in  the  case  of  O2  may  be  respon¬ 
sible  in  the  mechanism  of  electron  attachment  to  the  vdW  complex  (N20-M).  It 
may  be  olausible  to  extract  from  the  results  of  O2  and  N2O  systems  some  general 
conditions  under  which  one  can  predict  the  existence  of  electron  attachment  to 
vdW  molecules.  The  common  feature  to  both  O2  and  N2O  is  that  the  rate  constants 
of  electron  attachment  to  those  isolated  molecules  are  relatively  small  (lO'^l- 
10-' ^im^/sec)  on  an  absolute  scale.  This  is  due  to  the  presence  of  activation 
energy,  i.e.,  the  resonance  energy,  for  electron  attachment  (0.08  eV  for  O2  and 
0.23  eV  for  N2O).  In  contrast  there  is  virtually  no  activation  energy  in  the 
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electron  attachment  to  vdW  molecules  containing  O2  or  N2O,  thus  yielding  much 
larger  rate  constants  for  this  process.  The  formation  of  vdW  complexes  appears 
to  act  just  like  it  has  an  effect  of  lowering  the  activation  energy  or  the 
resonance  energy.  Consequently  one  may  expect  to  observe  the  contribution  of 
vdW  molecules  only  for  compounds  which  have  activation  energies  for  electron 
attachment,  or  for  the  molecules  of  which  attachment  cross  section  for  electron 
energies  near  thermal  increases  with  increasing  electron  energy. 

Independently  nf  the  experiments  on  O2  and  N2O  systems,  however,  electron 
attachment  to  hydrogen  halide  dimer,  (HX)2,  has  been  observed  by  Nagra  and 
Armstrong[47-49] .  Although  there  are  similarities  between  the  vdW  mechanisms 
for  O2  and  N2O  systems  and  HX  system,  there  are  some  significant  deferences. 

The  rate  constant  for  e’  +  HX  is  already  close  to  the  maximum  value  and  the 
large  enhancement  in  the  rate  constant  can  not  be  expected  for  e’  +  (HX)2.  The 
mechanism  of  this  type  of  electron  attachment  to  vdW  molecules  may  be  largely 
different  from  that  of  O2  or  N2O  system. 

Recent  preliminary  studies[98]  of  thermal  electron  attachment  to  CH2CI2  in 
pure  CH2CI2  and  CH2CI 2-hydrocarbon  mixtures  may  be  interesting  from  the  point 
of  view  discussed  above.  In  order  to  confirm  the  above  viewpoint  the  pressure 
dependence  of  thermal  electron  attachment  rates  have  been  examined  in  SF5- 
hydrocarbon  and  n-C4Fio-hydrocarbon  mixtures[98] .  The  observation  of  the  pres¬ 
sure  dependent  electron  attachment  to  SO2,  C2H5Br  and  8685  at  very  high  pres¬ 
sures  of  N2,  C2H4,  and  Ar  as  environmental  gases[62,99,100]  is  also  quite 
attractive. 

One  may  expect  generally  that  even  in  the  case  of  molecules  with  negative 
electron  affinities  or  with  high  threshold  electron  energies  for  attachment 
some  environmental  effects  or  the  effect  of  the  vdW  molecule  formation  bring 
about  the  large  enhancement  in  the  cross  sections  or  the  rate  constants  for  the 
lower  energy  electron  attachment  to  these  molecules.  Based  on  the  discussions 
presented  in  the  preceding  chapters  in  this  review,  the  reasons  for  this  expec¬ 
tation  are  .'it/vnp as  follows: 

1)  Thi'  i  -f  ikr  .  due  to  a  deeper  ion-neutral  potential 

in  comparison  with  neutral -neutral  potential  of  the  vdW  molecule. 

2)  Tl’  riii t  i,iK  i’  f  i, •>:,;/  .)♦>''<  ?,' Of  the  vdW  molecule. 

3)  ':%?  r.jrrrcti’j  hr'C'xkin.i  due  to  the  vdW  interaction  which  allows  the  molecule 
to  attach  e;ectron  with  'ft. .t,/ 

4)  Thr  ■:  h,'  Tjr  or  the  change  of  the  vibration¬ 

al  modes  due  to  the  surrounding  molecules. 

5)  7'F.  ■  ■’■f k  of  the  formed  negative  ion  with  ex¬ 

cess  energies  due  to  the  presence  of  ,■  : 

tk.  J  -W  "i'Tc.m  h  . 

Further  investigation  from  different  approaches  is  greatly  needed  to  solve  these 
problems  and  thus  to  substantiate  more  an  important  role  of  vdW  molecules  in  the 
mechanism  of  electron  attachment. 


4.  ELECTRON  ATTACHMENT  TO  VAN  OER  WALLS  MOLECULES  IN  SONIC  NOZZLE  BEAMS 

Electron  attachment  to  vdW  molecules  has  been  observed  also  in  electron 
impact  experiments  using  sonic  nozzle  beams. 

Increasing  interest  has  been  shown  recently  in  the  static  and  dynamic  behav¬ 
ior  of  neutral  and  ionic  clusters[101 J .  In  the  case  of  ionic  clusters  there 
have  been  already  extensive  studies  on  their  stability  and  reaction  dynamics, 
while  in  the  case  of  neutral  clusters  or  vdW  molecules  which  are  relatively  new 
subjects  of  research  there  has  been  just  a  dramatic  growth  of  interest  in  such 
studies  during  the  past  several  years.  Various  properties  of  vdW  molecules, 
e.g.,  their  structure  and  size,  have  been  investigated  using  optical  spectros- 
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copy  and  electron-impact  or  photoionization  mass-spectrometry  of  vdW  molecules 
which  are  produced  in  sonic  nozzle  beams.  Recently,  however,  special  attention 
has  been  paid  further  to  the  interactions  or  collisions  of  vdW  moZe?Ze.9[83,101  ] . 
This  is  an  important  subject  of  research  in  the  future  from  the  viewpoint  of 
both  collision  research  and  cluster  research. 

Klots  and  Compton[l 02-106]  have  studied  electron  attachment  to  vdW  polymers 
of  CO2,  N2O  and  H2O  which  are  produced  in  sonic  expansions  and  found  various 
new  features  of  electron  attachment  processes.  In  the  case  of  CO2  which  has  a 
negative  electron  affinity  and  can  not  form  stable  linear  CO2  ,  the^  have  de¬ 
tected  (C02)n  with  2sn<6  and  ascribed  this  result  to  stable  bent  CO2  surrounded 
with  linear  CO2  molecules.  In  the  case  of  N2O  which  one  may  expect  a  similar 
conclusion  to  the  case  of  CO2,  however,  they  have  not  detected  (N20)n  but 
0"(N20)n  and  explained  the  difference  between  the  two  cases  in  terms  of  ener¬ 
getics  of  the  fragmentation  of  the  initially  formed  polymer  ions.  The  observa¬ 
tion  of  (CCl4)(C02)  is  particularly  interesting  because  thermal  electron  attach¬ 
ment  to  CCI4  yields  almost  entirely  Cl’.  The  detection  of  the  parent  ion,  such 
as  those  in  the  case  of  CO2  and  CCI4  surrounded  with  neutral  molecules  is  a 
good  example  of  the  collisionat  stabilization  b-i  a  built-in  third  body.  Experi¬ 
mental  evidence  for  the  thermal  electron  attachment  to  CO2  to  form  CO2  was 
already  obtained  in  the  condensed  phase  radiation  chemistry[107-109].  In  colli¬ 
sions  between  fast  potassium  and  CCI4  the  production  of  CCI4  has  been  reported 
[110].  In  the  case  of  alkyl  halides  and  aromatic  halides  in  certain  matrices 
experimental  evidence  has  been  obtained  using  optical  or  electron  spin  resonance 
spectroscopy  technique  also  for  the  formation  of  their  parent  molecular  negative 
ions[lll ,112].  These  experimental  results  show  obviously  that  some  environment¬ 
al  conditions  enable  the  molecule,  which  undergoes  a  dissociative  electron  at¬ 
tachment,  to  form  the  stable  parent  negative  ion. 

Based  on  the  experimental  results  on  the  collisional  stabilization  of  nega¬ 
tive  ions  with  excess  energies  by  built-in  third  body  molecules  Klots  and 
Compton[103]  have  discussed  the  implication  of  their  results  to  the  mecahnism 
of  the  overall  two-stage  three-body  electron  attachment  processes  like  the  BB 
mechanism.  Their  investigation  have  spurred  much  our  experiments[32,33,41 ]  on 
electron  attachment  to  Op  using  the  microwave  technique. 

Observation  of  the  hydrated  electron-,  (H20)n,  in  beam-experiments  has  been  a 
charanging  subject  in  terms  of  electron  attachment  studies  of  vdW  molecules. 
Measurements  of  the  hydrated  or  solvated  electron  has  been  extensively  carried 
out[113-116]  in  radiation  chemistry  and  its  related  fields  and  almost  conclusive 
experimental  evidence  has  been  obtained  for  its  formation  not  only  in  the  con¬ 
densed  phase  but  also  in  the  gas  phase[117,118].  Theoretical  investigations 
have  been  also  successful  in  describing  its  electronic  properties  and  structures 
[119].  Cluster-beam  experiments  have  been  recently  attemped[104,120]  to  sub¬ 
stantiate  more  the  microscopic  structure  of  the  hydrated  or  solvated  electron; 
to  detect  (H20)n  as  a  function  of  n,  because  the  single  H2O  molecule  has 
a  negative  electron  affinity  and  does  not  form  a  stable  negative  ion  while  some 
stable  structures  of  negatively  charged  water  clusters  in  the  isolated  system 
and  also  some  microscopic  structures  of  the  hydrated  electron  in  the  condensed- 
phase  dielectric  media  have  been  theoretically  proposed [121 -124].  Haberland  et 
al. [125, 126]  have  been  recently  successful  in  the  detection  of  (H20)p  where 
n=2,3  and  n:?5  in  the  mass  spectrometry  of  negative  ions  in  an  expanding  super¬ 
sonic  beam  of  water  clusters  mixed  with  electrons;  i.e.,  B-rays  from  °^Ni  or 
photoelectrons  produced  by  the  irradiation  of  UV  photons  upon  a  metal  surface. 


5.  NEGATIVE  ION  FORMATION  IN  HEAVY  PARTICLE  COLLISIONS  WITH  VAN  DER  WAALS 
MOLECULES 

Ion-pair  formation  by  collisional  charge  transfer  between  neutral  heavy 
particles  has  been  an  effective  source  of  information  on  the  energetics  and 
dynamics  of  negative  ion  formation  in  electron  attachment  to  neutral  particles 
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as  well  as  an  effective  source  of  negative  ion  itself. [14] 
Collisional  electron  transfer  between  neutrals,  A  and  B; 


A  +  B 


A  +  B" 


(35) 


has  been  extensively  studied  particularly  for  the  combination  of  alkali  atoms 
(A)  and  electron-attaching  molecules  (B).  Other  species  than  alkali  atoms, 
such  as  various  accelerated  atoms  in  the  ground  state[127]  or  electronically 
excited  rare  gas  atoms[128],  have  been  also  used  as  an  electron  donor  A. 

Herschbach  et  al. [129, 130]  have  used  the  collisional  charge  transfer  from 
fast  Rb  atoms  to  molecular  clusters  in  sonic  beams  of  CI2,  SO2,  or  hydrogen 
halides  in  order  to  study  electron  attachment  to  these  clusters  and  observed 
mass-spectrometrical ly  various  stable  cluster  ions  such  as  those  including  n- 
mer  ions;  i.e.,  (Cl2)n  afid  {S02)p.  In  the  case  of  hydrogen  halides  the  solvated 
halide  ions  have  been  predominant  and  no  evidence  has  been  found  for  any  intact 
n-mer  ions.  It  is  particularly  interesting  from  a  similar  point  of  view  that 
the  Rydberg  electron  in  a  high-Rydberg  state  can  be  viewed  as  almost  free  and 
slow.  This  has  been  demonstrated  both  theoretically  and  experimentally  in  a 
variety  of  the  combination  of  A  and  B[3,12,13].  In  terms  of  the  titled  subject 
here  in  this  review  there  have  been  very  recently  interesting  experimental  re¬ 
sults  on  the  negative  ion  formation  by  collision  of  Rydberg  atoms  with  cluster 
molecules[131 ,132]. 


6.  ELECTRON  SOLVATION  AND  LOCALIZATION  IN  THE  CONDENSED  PHASE 

This  problem  has  been  one  of  the  central  subjects  in  radiation  chemistry  and 
now  this  is  relevant  to  a  variety  of  chemical  areas,  and  even  biological  or 
physical  areas.  Experimental  evidence  for  the  soloatod  elcetr'jn  has  been  ob¬ 
tained  using  the  radiolysis-product  analysis,  photoconductivity  and  optical  or 
electron  spin  resonance  spectroscopy  techniques[113-116,119].  Solvated  elec¬ 
trons  have  been  observed  in  a  variety  of  polar  solvents  including  water,  alco¬ 
hols,  ammonia,  amines,  and  ethers,  and  even  in  nonpolar  solvents  such  as  hydro- 
carbons[133].  Optical  absorption  spectra  of  the  solvated  electron  in  various 
solvents  are  characterized  by  a  broad,  structureless,  and  asymmetric  band,  and 
are  positioned  at  wavelength  regions  from  visible  to  near-infrared  depending  on 
the  solvent. 

Theoretical  investigation  of  the  solvated  electron  has  been  also  extensively 
carried  out  to  explain  the  above-mentioned  experimental  results  and  therefore 
to  obtain  information  on  electron  solvent-molecule  interaction  or  the  structure 
of  the  solvated  electron[119].  Very  recently  the  stability  of  negatively 
charged  water  clusters  have  been  theoretically  investigated  in  terms  of  the 
modeling  of  the  hydrated  electron[123,124]. 

Electrons  are  localized  or  trapped  also  in  low  temperature  glassy  or  amor¬ 
phous  matrices  of  these  solvent-molecules  and  observed  by  optical  or  electron 
spin  resonance  spectroscopy  techniques[134,135] .  Electron  localization  and 
reactivities  in  various  condensed  media  particularly  in  nonpolar  media  have 
been  investigated  also  by  measuring  electrical  conductivities  due  to  the  excess 
electrons  in  the  media[136];  the  measurements  of  electron  mobilities[137],  and 
potential-energies[138],  which  are  largely  dependent  on  the  molecular  structure 
of  medium  molecules.  These  values,  and  their  temperature  and  density  depen¬ 
dences  have  been  measured  in  a  variety  of  1 iquids[139] .  Electron  attachment  to 
solute  molecules  and  electron-ion  recombination  have  been  also  investigated  in 
these  media[140].  In  order  to  clarify  systematically  the  static  and  dynamic 
behavior  of  the  electrons  in  the  condensed  phase,  these  values  have  been  mea¬ 
sured  also  in  dense  gases  and  molecular  crystals  [141-143,158-162]. 

Although  there  have  been  a  variety  of  experimental  and  theoretical  invest!- 
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gations  as  to  electron  solvation,  localization,  trapping,  and  reactivities  in 
the  condensed  phase,  further  investigations  from  different  approaches;  one  is 
from  gas-phase  science,  the  other  is  from  solid-state  science,  are  greatly 
needed  to  solve  remaining  important  problems  and  thus  to  substantiate  more  the 
electrons  in  the  condensed  phase.  One  of  the  strong  candidates  among  the  former 
approaches  to  solve  this  problem  is  the  investigation  of  electron  interaction 
with  vdW  molecules,  while  that  among  the  latter  approaches  is  the  investigation 
of  electron  interaction  with  thin-layer  molecular  solids[144-150]. 


7.  CONCLUSIONS 

Electron  attachment  to  van  der  Waals  molecules  has  been  observed  in  both 
dense  gases  and  sonic  nozzle  beams.  The  large  enhancement  in  the  attachment 
rate  constants  in  comparison  with  those  for  the  ordinary  attachment  to  isolated 
single  molecules  has  been  ascribed  to  essentially  important  several  factors(See 
Section  3)  which  change  the  electron  attachment  resonance  mechanism  due  to  the 
presence  of  the  vdW  interaction  between  the  host  molecule  such  as  O2,  N2O,  CO2, 
H2O,  etc.  and  the  surrounding  molecules.  It  is  also  interesting  to  observe 
negative  ion  formation  in  the  collision  of  vdW  molecules  with  alkali  metal 
atoms  or  high  Rydberg  atoms.  Based  on  these  experimental  results,  one  may  ex¬ 
pect  generally  that  even  in  the  case  of  molecules  with  negative  electron  affin¬ 
ities  or  with  high  threshold  electron  energies  for  attachment  some  environment¬ 
al  effects  or  the  effect  of  vdW  molecule  formation  bring  about  the  large  en¬ 
hancement  in  the  cross  sections  or  the  rate  constants  for  the  electron  attach¬ 
ment  at  the  lower  energies. 

The  distinct  features  of  the  electron  attachment  to  vdW  molecules  as  summa¬ 
rized  above  may  become  a  substantial  clue  to  understand  the  fundamental  nature 
of  electron  attachment  not  only  in  dense  gases  but  also  in  the  condensed  phase. 
It  is  also  apparent  that  most  of  the  electron  attachment  in  bulk  system  is  no 
longer  a  simple  process  as  consisted  of  the  interaction  of  electron  with  iso¬ 
lated  molecules.  A  definitely  important  role  of  pre-existing  vdW  molecules 
formed  by  weak  intermolecular  forces  must  be  admitted.  From  this  point  of 
view,  interesting  phenomena  in  ionized  gases  such  as  the  attachment  cooling 
effect[l 51 -1 55]  and  the  response-time  of  the  air-filled  fast-response  ioniza¬ 
tion  chamber[156,157]  should  be  analyzed  by  taking  into  account  the  important 
role  of  vdW  molecules  in  the  electron  attachment  mechanism. 

In  order  to  further  substantiate  the  detailed  situation  of  vdW  molecules  in 
the  electron  attachment  mechanism  more  elaborate  work  will  be  required  both  ex¬ 
perimentally  and  theoretically. 
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1.  INTRODUCTION 

Electron  detachment  in  negative  ion  collisions  has  attracted  much  attention  over  past 
years.  Study  of  this  process  provides  a  "simple"  means  of  investigating  interactions 
between  discrete  states  and  continua.  Indeed  negative  ions  possess  no  singly  excited 
states  (e.g.  Isnl  for  H‘)  and  hence  direct  detachment  ie  the  process 

A"  +  B  — ►  A  t  B  +  e'  (D.D.) 

is  the  first  energetically  accessible  electronically  inelastic  channel 

Other  processes,  like  target  or  projectile  excitation 

A'  +  B  — »-  A  1-  B  +  e  (n.E.i 

A”  +  B  — ►  A  (or  A*  )  +  B  +  e 
may  also  be  important. 

Numerous  experimental  and  some  theoretical  studies  of  a  few  of  the  simplest 
negative  ions  like  H'  and  some  halogen  negative  ions  have  been  performed  in  a  wide 
collision  energy  range  and  in  some  cases  have  led  to  a  fair  understanding  of  the  main 
detachment  channels.  More  recently  collisions  with  molecular  targets  have  attracted 
considerable  interest  and  some  insight  into  some  peculiarities  of  these  collisions  has  now 
been  gained. 

In  this  review  I  shall  limit  myself  to  a  discussion  of  low  ke  V  negative  ion  collisions 
where  in  most  cases  a  molecular  description  of  the  collision  should  be  valid.  I  shall  also 
limit  the  discussion  to  the  presentation  of  mainly  results  concerning  the  most  extensively 
studied  negative  ion  i.e.  H'.  The  conclusions  that  can  be  drawn  from  the  following 
discussion  are  quite  general  however,  and  will  illustrate  the  main  aspects  of  electron 
detachment  is  negative  ion  collisions  known  to  date.  More  complete  reviews  of  various 
aspects  of  this  subject  may  be  found  elsewhere  (1-4). 


2.  EXPERIMENTAL  ASPECTS 

To  date  the  available  experimental  data  on  electron  detachment  in  negative  ion 
collisions  has  come  from  three  types  of  experiments. 

The  first  type  concerns  total  detachment  cross  section  (TDCS)  measurements.  These 
have  been  mainly  performed  either  by  electron  collection  (5)  or  by  monitoring  incident 
beam  attenuation  (6).  The  latter  type  of  measurements  may  suffer  serious  drawbacks  at 
low  energies  due  to  large  angle  elastic  scattering,  and  in  both  cases  one  can  not 
distinguish  between  single  (  Q  ,  „)  and  double  (  Q_.  .)  electron  loss.  Neutral  particle 
detection  has  also  been  used  at 'nigh  energies  (7'  bur  here  some  arbitrary  assumptions 
about  their  detections  efficiencies  are  usually  made. 

TDCS  measurements  give  a  global  information  about  detachment  giving  the 
importance  of  this  process  as  a  function  of  energy.  In  certain  cases,  as  will  be  seen 
below,  some  information  about  the  dynamics  of  this  process  may  also  be  obtained. 

Further  information  may  be  gained  from  the  measurement  of  detached  electron 
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energy  spectra  (DEES).  These  yield  high  resolution  information  about  (i)  the  spectrum  of 
detached  electrons  in  the  detachment  process  (ii)  decay  channels  of  unstable  states,  and 
(iii)  the  characteristics  of  the  spatial  distribution  of  the  electrons.  To  date  DEES 
measurements  have  not  been  performed  in  coincidence  with  the  scattered  neutrals  and 
hence  they  correspond  to  a  sum  over  all  detachment  channels  and  also  all  impact 
parameters. 

One  should  mention  a  serious  problem  in  DEES  measurements  related  to  the  correct 
determination  of  the  transmission  function  (variation  of  the  transmitted  electron 
intensity  as  a  function  of  electron  energy).  This  effect  was  not  taken  into  account  in 
early  measurements  of  e.g.  Risley  (8),  but  is  taken  into  account  in  more  recent  studies 
(9-11). 

The  transmission  function  is  determined  by  studying  ionisation  (for  e  <  2  eV)  and 
elastic  scattering  (  t^>  2e  V)  in  electron  He  collisions.  At  low  energies  file  method  is 
based  on  the  knowledge  of  the  Wannier  threshold  law  and  at  high  energy  on  the  elastic 
scattering  measurements  (9). 

To  date  the  most  in  depth  information  about  detachment  has  come  from  differential 
TOP  neutral  energv  loss  studies  12-14  .  These  allow  the  separate  study  of  the  various 
detachment  channels,  the  determination  of  the  differential  cross  sections,  (DCS),  which 
in  turn  upon  integration  can  yield  data  about  the  relative  contribution  of  the  various 
channels  to  the  TDCS.  A  particularly  interesting  aspect  of  TOP  studies  is  that  in  certain 
cases  they  can  give  information  about  the  impact  parameter  dependence  of  DEES,  since 
by  energy  conservation  the  neutral  particle  energy  loss  spectrum  reproduces  it  : 

A' -r  B  —  A(-f(E))  +  8  +  e’(+  f(e)) 

TOP  studies  are  however  limited  to  a  small  energy  range  (0,1  to  2  keV)  on  the  present 
setups.  The  low  energy  limit  is  due  to  low  detection  efficiency  of  neutrals  of  the 
detectors  (usually  multichannel  plates)  used.  Also  the  energy  resolution  is  limited.  Indeed 
the  best  resolution  obtained  to  date  is  of  about  0,3  eV. 

Pinally  some  information  about  detachment  has  come  from  a  study  of  the  elastic  DCS 
(12,  13,  15,  16).  Here  the  study  of  the  absorption  of  this  DCS  due  to  detachment  as  a 
function  of  collision  energy  can  provide  useful  information  about  the  detachment 
dynamics. 


3.  ELECTRON  DETACHMENT  IN  COLLISIONS  WITH  ATOMIC  TARGETS 

Let  us  now  consider  some  results  pertaining  to  collisions  with  some  of  the  most 
frequently  used  targets,  i.e.  the  inert  gasses  (I.G.).  We  shall  first  consider  TDCS.  These 
usually  increase  more  or  less  sharply  from  a  threshold  which  is  somewhat  higher  than  the 
electron  affinity  (e.g.  about  6  eV  for  Cl  Ar  collisions  and  around  I  eV  for  H~  He 
collisions)  and  then  reach  a  broad  maximum  which  extends  over  tens  of  keV  (for  H") 
before  decreasing  slowly  at  higher  energies.  Pig  1  illustrates  the  TDCS  for  H’(D') 
collisions  with  He  (17)  and  Ne  (18)  plotted  as  a  function  of  center  of  mass  energy  (Ecm). 
Such  a  plot  corresponds  to  the  fact  that  for  the  same  Ecm  the  ions  will  follow  the  same 
trajectory  but  with  different  radial  velocities.  It  can  be  seen  that  in  the  case  of  He,  the 
heavier  and  hence  slower  isotope  has  the  greater  TDCS.  In  the  case  of  Ne  the  TDCS  is 
greater  for  the  lighter  and  hence  faster  isotope.  The  study  of  the  isotope  effects  in 
H  (D')  I.G.  collisions  thus  reveals  two  apparently  distinct  behaviours  of  the  detachment 
process.  A  further  difference  between  the  He  and  Ne  case  should  be  noted.  Por  He  the 
TDCS  rises  sharply  from  threshold.  Whereas  for  Ne  a  slowly  increasing  cross  section  is 
obtained  which  is  also  significantly  smaller  than  in  the  He  case.  At  higher  energies  the 
TDCS  are  found  to  increase  slowly  till  energies  of  the  order  of  some  tens  of  keV. 

How  can  one  account  for  these  features  ?  One  of  the  first  attempts  to  describe 
detachment  in  H  He  collisions  was  made  by  Lam  et  al  (5)  using  the  local  complex 
potential  (LCP)  description,  which  is  well  known  in  electron  molecule  collisions  and  has 
been  used  in  treatments  of  Penning  Ionisation.  In  this  model  one  assumes  that  the  energy 
level  associated  with  the  initial  AB’  state  (fig  2a)  crosses  the  level  of  the  continuum 
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Fig  1.  Total  oetachment  cross  sections  versus  relative  energy  for  (a)  H"/D'He 
collisions.  Experiment  (17),  theory  (5),  (23)  (20)  .  (b)  H'/D'^ie  collisions. 
Experiment  (18),  theory  (21)  and  (29). 


Fig  2. 


Schematic  diagrarn  of  the  A  B"  and  A  B  states,  (a)  LCP  descriptions  and  (b) 
ZRP  descriptions. 
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state  corresponding  to  the  quasimolecule  AB.  One  then  speaks  of  a  quasistationary  state 
which  corresponds  to  a  resonance  in  the  inverse  process  of  electron  mclcculc  collisions. 
Under  certain  conditions  one  can  show  (19)  that  the  detachment  problem  reduces  to  the 
consideration  of  the  decay  of  this  quasistationary  state  whose  energy  is  given  by  the 
local  complex  potential 

E(R)  =  V(R)  -  i/2  r(R),  r(R)  ^  0  for  R  >  R^ 

In  this  description  one  neglects  all  dynamic  effects,  ie  the  effects  of  nuclear  motion 
(radial  or  rotational  couplings)  on  the  detachment  probability,  which  is  given  by 

Pj  =  1  -  exp(-/r.dt)  =  1  -  exp(-/p|j|.^  dR.r(R)/v{R)) 

where  R  ■  is  the  distance  of  closest  approach  and  v(R)  is  the  radial  velocity.  Thus  here 
the  procflii?  T  dt  determines  the  detachment  probability  and  the  energy  spectrum  of 
detached  electrons.  One  can  therefore  expect  that  the  TDCS  will  increase  rapidly  from  a 
threshold  energy  given  by  E(R  ).  As  the  collision  energy  increases  the  time  spent  in  the 
continuum  will  decrease  and  the  TDCS  will  then  decrease  with  increasing  energy.  This 
behaviour  may  be  seen  on  the  example  of  the  H"  He  TDCS  calculated  by  Lam  et  al  (5) 
(fig.  1).  In  the  LCP  model  the  D'  TDCS  will  obviously  be  larger  than  that  for  H"  for  the 
same  Lam  et  al's  fit  reproduces  the  low  energy  behaviour  of  the  TDCS  but  fails  at 

high  energies.  Also  it  is  clear,  that  though  the  isotope  effect  predicted  in  this  model  is 
consistent  with  the  experimental  findings  for  H"  He  collisons,  this  is  certainly  not  true 
for  H*  Ne  collisions. 

Thus  it  appears  that  the  applicability  of  this  model  may  be  very  limited.  This  is 
further  confirmed  by  the  study  of  detachment  in  other  negative  ion  systems  like  e.g.  Cl* 
I.G.  collisions  where  fits  in  the  LCP  model  gave  reasonable  results  only  in  a  limited 
energy  range  (13).  In  some  systems  (15)  the  absorption  of  the  elastic  DCS  due  to 
detachment  was  found  to  increase  with  increasing  energy  -  an  effect  opposite  to  the  one 
expected  in  the  LCP  model. 

The  failure  of  the  LCP  model  is  clearly  associated  with  the  neglect  of  dynamic, 
nuclear  motion  induced  effects  (radial  or  rotational  couplings).  One  is  thus  led  to 
consider  treatments  in  which  these  are  taken  into  account.  Efforts  have  been  made  in 
the  past  few  years  to  develop  what  some  authors  call  a  "dynamical  complex  potential" 
treatment  (20)  and  some  of  these  theories  are  presented  in  the  poster  sessions  of  this 
meeting.  As  an  example  of  such  a  treatment  one  can  mention  the  semi  classical  close 
coupling  description  of  Delos  and  coworkers  (20,  21)  in  which  promisingly  good 
agreement  with  the  TDCS  and  isotope  effects  fo.  the  H*  He  and  H*Ne  cases  has  been 
achieved  (fig  1).  It  should  be  noted  however  that  the  coupling  elements  are  not  evaluated 
ab  initio  but  some  modeling  assumptions  are  made. 

I  will  not  go  any  further  into  these  descriptions  but  turn  to  a  somewhat  (22)  different 
model  proposed  in  1964  by  Demkov,  ie  the  zero  range  potential  (Z  R  P)  model. 

The  situation  considered  is  shown  in  fig  2b  where  for  distances  smaller  than  Rm  (the 
merging  point  of  the  AB"  and  AB  curves)  there  is  no  quasistationsary  state  but  the 
electron  is  essentially  free  (formally  speaking  this  corresponds  to  the  existence  of  a 
virtual  state). 

As  the  negative  ion  and  atom  approach  the  ionisation  potential  of  the  system  will  be 
small  and  the  wave  function  of  the  weakly  bound  outer  electron  will  have  dimensions 
that  are  appreciably  greater  than  the  region  where  the  potential  is  significantly  different 
from  zero.  One  can  then  divide  the  space  into  an  outer  region  where  the  electron  is 
essentially  free  and  an  inner  region  corresponding  to  the  neutral  core  and  whose  effect 
on  the  outer  electron  may  be  defined  by  specifying  a  boundary  condition  on  the 
logarithmic  derivative  of  the  wave  function.  In  the  limit  the  dimensions  of  the  inner 
region  may  be  neglected  and  the  boundary  condition  specified  at  the  origin.  The  effect  of 
the  changes  in  internuclear  distance  in  time  may  be  modelled  by  specifying  a  time 
dependant  boundary  condition.  The  problem  thus  reduces  to  solving  the  Schrodinger 
equation  for  a  free  particle  (s  waves) 

{2*^.d^/dr^  +  id/dt)i()(r,t)  =  0 


(1) 
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with  the  boundary  condition 

(nii)'^(diJj/dr)l^^Q  =  f(t)  (2) 

When  f(t)  is  negative  there  exists  a  bound  ^ates  of  energy  4^2  .  Positive  values  of 
f(0  corresponding  to  a  negative  eigenvalue-f  /  2  are  physically  inacceptable  with  a 
wavefunction  (exp(f.r))  exponentially  increasing  for  large  r.  The  boundary  condition  (2)  in 
principle  contains  all  the  information  relevant  to  the  problem  in  particular  information 
about  low  energy  scattering  of  electrons  off  the  AB  molecule.  Indeed  the  continuum 
wavefunction  for  a  wavenumber  k  is 

If;  =  s1n(kr  +  6)/r  (3) 

and  the  phase  is  determined  from  the  relation  (2) 

k.ctg(6)  =  -  f  (4) 

Comparison  of  (4)  with  the  expression  for  the  expansion  of  the  phaseshift  on  a  short 
range  potential  for  small  k. 

k  ctg  (I'i)  =  -1/a  +  r.k^/2  (5) 

where  q  is  the  effective  range,  and  'a'  the  scattering  length  shows  that  for  a  zero  range 
potential 


f  =  1/a 

The  zero  range  potential  thus  provides  a  unified  treatment  of  both  bound  and 
continuum  states. 

The  f(t)  function  that  models  negative  ion  atom  collision  is  shown  schematically  in  fig 
3.  Fort— ►-  O’  there  is  a  bound  state  of  energy  —  =  -a‘V2 

where  €3  is  the  electron  affinity.  As  the  negation  ion  and  atom  approach  the  binding 
energy  decreases  becoming  eventually  zero  and  then  again  increases  tending  to  £3  as  t  — ► 
-  +00 

Integration  of  (1)  under  the  condition  (2)  and  the  initial  condition 

4j(r,t)  =  2/rexp{-a.r  +  ia^.t/2)  as  t 

yields  as  t  — »  +00  (Demkov  1964) 

il;(r,t)  -  C^Za  .  exp{-ar  +  ia^t/2)  +  R(r,t) 

the  square  of  the  modulus  of  the  coefficient  C  determines  the  probability  W  that 
detachment  will  not  occur.  The  residual  term  R(r,t)  represents  a  spreading  wave  packet 
For  large  t  this  packet  chai-acterises  a  free  electron  and  expansion  of  R(r,t)  into  a 
Fourrier  integral  gives  the  momentum  distribution  of  the  detached  electron. 

In  order  to  apply  the  above  model  knowledge  of  the  negative  ion  atom  and  atom-atom 
states  are  necessay.  These  determine  the  binding  energy  e  (R)  and  therefore  a  R 
dependent  boundary  condition  f(R)  =  -  i/2  £  (R),  which  for  a  given  collision  energy  and 
knowing  the  potentials  gives  f(t).  Once  f(t)  is  known  the  problem  may  be  solved 
numerically  to  give  the  detachment  probability  and  the  detached  electron  spectrum.  This 
procedure  allows  in  particular  to  visualise  the  detachment  process  since  the 
wavefunction  is  known  at  all  instants  of  time.  Fig  3b  represents -the  instantaneous 
probability  of  finding  the  outer  electron  at  a  distance  r.  ie  l<li(r)r  (23).  The  initial 
distribution  (at  t  =  -53  a.u)  is  a  straight  line  in  a  logarithmic  plot.  If  the  system  were  to 
evolve  adiabatically  this  distribution  would  remain  a  straight  line  with  its  slope 
decreasing  during  the  collision  as  the  atoms  approach,  untill  it  would  eventually 
correspond  to  an  electron  uniformly  distributed  in  space.  However  as  can  be  seen  in  fig 
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3b.  this  is  not  the  case.  At  a  certain  time  the  variation  of  the  boundary  condition  is  not 
followed  adiabaticcaly  and  log  /  ^(r)/^  changes  only  is  a  small  region  around  the  origin. 
When  the  system  enters  the  continuum,  for  positive  f  this  results  in  a  hump  in  the  log 
/  ^(r)/^  plot  and  the  electron  moves  out  from  the  origin.  As  the  atoms  separate  and  f 
becomes  negative  again,  only  that  part  of  the  wavepracket  that  remains  in  the  central 
region  can  be  recaptured  whereas  the  rest  spreads  out  in  space.  The  hump  in  the  figure 
that  moves  out  as  t  increases  (corresponding  to  R  (r,t)  above)  represents  the  escaping 
electron,  while  the  linear  part  at  the  origin  corresponds  to  the  recaptured  electron. 

We  thus  see  that  as  the  atoms  approach  the  system  first  follows  adiabatically  the 
changes  at  the  origin,  but  then  at  some  time  the  change  is  too  rapid  leading  to  the 
nonadiabatic  behaviour  of  the  system  and  resulting  detachment  of  the  outer  electron. 

It  is  clear  from  qualitative  considerations  that  the  greater  the  collision  velocity,  the 
sooner  will  be  felt  the  changes  in  the  binding  energy,  leading  to  the  nonadiabatic 
behaviour  of  the  system.  In  other  words  with  increasing  velocity  the  internuclear 
distance  corresponding  to  the  onset  of  the  nonadiabatic  behaviour  should  increase.  It  is 
also  clear  that  at  high  velocities  the  wavepacket  found  at  small  internuclear  distances 
;V'!1  iidvc  'ess  time  to  spread  out  and  therefore  the  recapture  probability  (Ps)  should 
increase  with  energy  for  small  R.  Clearly  rather  different  behaviours  of  the  detachment 
cross  sections  can  therefore  be  expected  depending  upon  the  relative  importance  of 
these  opposite  effects. 

The  above  image  of  a  too  rapid  variation  of  the  binding  energy  suggests  a  way  to  a 
solution  of  the  problem  in  the  sudden  approximation,  where  the  actual  f(t)  function  is 
replaced  by  a  step  function  (fig  3)  located  in  the  region  of  the  beginning  (time,  -T.)  and 
end  (time  +  Tf)  of  the  sudden  variation.  The  solution  of  the  problem  is  thus  obtained  by 
projecting  the  bound  state  function  at  -Tj  onto  the  eigenfunction  corresponding  to  t=0 
and  then  at  +Tr  back  onto  the  bound  state  function.  This  is  the  approach  followed  by 
Bronfin  and  Ermolaev  (24)  and  later  by  Gauyacq  (25)  using  different  definitions  of  T,.  A 
conceptually  similar  model  was  also  proposed  by  Herzenberg  and  Ojha  (2^).  In  these 
models  depending  upon  the  definition  of  the  "forgetting"  point  ie  the  moment  when  the 
system  ceases  to  evolve  adiabatically  TDCS  which  decrease  (24)  or  increase  (25,  26)  with 
increasing  collision  energy  are  obtained. 

To  illustrate  further  these  effects  let  us  look  at  the  expression  of  the  detachment 
probability  (Pd)  in  one  of  the  early  analytical  models  due  to  Devdariani  (27)  in  which  a 
parabolic  form  for  f(t)  was  assumed 

f(t)  =  -  at^  +  8 

Pd  =  0.62  +  0.42(1  - 


where  R„  is  the  merging  point,  R  the  distance  of  closest  approach,  E  the  collision 
energy,  M  the  projectile  mass  and  nR.y)  derivative  of  f(R)  at  R^. 

As  can  be  seen  Pd  is  finite  for  R  For  a  given  Rrn|n<  Pd  increases  as  the 


energy  decreases  (just  as  in  the  LCP  rnodel).  On  the  otRer  han^  for  R  .  >  R^,  Pd 
increases  as  the  energy  increases.  Thus  in  this  model  an  important  role^s'^pla^d  bv 
direct  transitions  from  the  discrete  state  into  the  continuum.  The  range  of  internuclear 
distances  leading  to  detachment  increases  with  increasing  energy  and  the  TDCS 
increases  with  energy  due  to  the  dominant  role  played  by  "tunnelling"  transitions. 

Devdariani's  model  was  quite  successful  in  describing  most  of  the  features  of  H"  I.G. 
collisions  (12).  However  some,  like  the  H  Ne  isotope  effect  could  not  be  described.  Also 
the  applicability  of  the  parabolic  approximation  is  rather  limited  (23,  27).  Numerical 
solutions  of  the  real  problem  have  therefore  to  be  envisaged.  This  was  made  possible  by  a 
calculation  of  the  states  of  the  (H  He)',  and  (H  Ne)'  systems  by  Gauyacq  (23)  and  Olson 
and  Liu  (28).  These_  calculations  reveal  an  interesting  difference  between  the  two 
systems.  The  (H  Ne)  state  was  found  to  be  bound  for  all  internuclear  distances  whereas 
the  energy  level  of  the  (H  He)'  system  was  found  to  merge  with  that  of  the  continuum  of 
states  corresponding  to  H  He  and  a  free  electron.  Rather  different  behaviours  of 
detachment  follow  from  this  as  illustrated  by  Gauyacq’s  calculation  (23,  29)  of  Pd  (R)  for 
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f(t) 


Fig  3.  (a)  Schematic  diagram  of  the  f(t)  function  and  various  approximations  of  it. 

Numbers  correspond  to  references. 

(b)  Time  dependence  of  the  instantaneous  probability  of  finding  the  outer 
electron  at  a  distance  r  in  a  230  eV  H"  He  collision  (impact  parameter  b  = 


Fig  If. 


Schematic  M  O  diagratn  foi  the  H'He  and  H'Ne  systems. 


(a)  Detachment  probability  P^(b)  for  the  H'He  and  H'Ne  systems  for  several 
collision  energies. 

(b)  Detached  electron  energy  spectra  for  H"  He  collisions  for  some  collision 
energies.  Points  :  experiment  (9)  Lines  :  theory  (23). 
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these  systems  (fig  5).  For  the  H'He  collisions  for  small  R  Pd  is  smaller  for  the  higher 
energies  and  for  large  R,  Pd  increases  with  increasing  energy.  It  turns  out  that  intra 
continuum  transitions  dominate  in  collisions  with  He  and  hence  the  D"  cross  section 
greater  for  the  same  relative  energy  than  that  for  H".  In  the  case  of  Ne  only  "tunnelling" 
transitions  exist  resulting  in  an  ill  defined  detachment  threshold  and  slowly  increasing 
TDCS  as  well  as  an  inverted  isotope  effect. 

The  origin  of  the  differences  between  the  H"  He  and  H"  Ne  systems  lies  in  the 
changes  of  certain  characteristics  of  the  parent  neutral  H  I.G.  systems  i.e.  in  the 
changes  of  the  wavefunction  of  the  ground  ^2  state  near  the  first  diabatic  MO  crossing 
(fig.  U).  In  the  case  of  H  Ne  the  3do  -  3sa  MO  crossing  occurs  at  relatively  large 
internuclear  distances  (2)  resulting  in  the  (HNe)'  state  remaining  bound.  In  the  HHe  case 
the  corresponding  2pa  -  2sa  crossing  occurs  at  much  smaller  distances  0.5  and  has  no 
effect  on  the  (HHe)'  ground  state  at  large  internuclear  distances  (2)  where  merging  with 
the  continuum  occurs.  It  may  be  noted  in  passing  that  in  the  HAr  case  the  corresponding 
3da  -  <»sa  crossing  also  occurs  at  large  distances  (see  Sidis  (57)  for  the  H*  Ar  problem) 
and  a  situation  similar  to  the  H'  Ne  one,  of  a  bound  (HAr)'  state  and  a  similar  isotope 
effect  may  be  anticipated  and  is  indeed  observed  (39). 

Fig.  5b  shows  the  H'He  DEES  measured  by  Montmagnon  et  al  (9).  These  are  found  to 
be  structureless  and  broaden  slowly  as  the  collision  energy  increases.  Theoretical  results 
of  Gauyacq  (23)  are  found  to  be  in  excellent  agreement  with  these  spectra.  As  stated 
previously  this  DEES  represents  a  sum  over  all  detachment  channels  and  all  impact 
parameters.  A  more  stringent  test  of  theory  would  be  provided  by  comparison  with  the 
impact  parameter  dependence  of  these  spectra  for  the  direct  detachment  process.  These 
were  made  available  by  the  TOF  studies  of  Esaulov  et  al  (12)  and  Tuan  et  al  (30). 

Fig.  6a  shows  a  typical  TOF  spectrum  obtained  in  H'He  collisions.  The  first  peak  here 
corresponds  to  the  direct  detachment  (DD)  process  and  the  higher  energy  peak  to  various 
excitation  processes.  The  angular  dependence  of  the  DD  peak  is  shown  in  fig.  6b  along 
with  the  theoretical  predictions  of  Gauyacq.  Excellent  agreement  is  found  and  the  theory 
correctly  describes  the  broadening  of  the  spectrum  for  decreasing  impact  parameters. 

The  broadening  and  shifting  to  higher  energy  losses  of  the  DD  peak  should  be  noted 
carefully  since  in  certain  cases  it  may  lead  to  ambiguities  in  the  identification  of  peaks 
in  energy  loss  spectra. 

Esaulov  et  al  (12)  have  reported  measurements  of  differential  cross  sections  (DCS)  of 
the  various  processes  observed.  These  DCS  (fig.  8)  show  that  excitation  processes  in  H' 
He  collisions  make  a  small  contribution  to  the  TDCS  (about  10%  at  0.5  keV).  The  DEES 
reported  by  Montmagnon  et  al  should  therefore  not  be  significantly  perturbed  by  these 
and  hence  the  above  comparison  with  ZRP  theory  which  does  not  take  these  into 
account,  is  deemed  to  be  meaningful. 

The  problem  of  the  treatment  of  excitation  processes  comes  up  when  trying  to 
calculate  the  DCS.  A  simple  "hybrid"  model  was  proposed  by  Esaulov  et  al  (12)  to  include 
excitation  processes.  As  pointed  out  above  in  the  ZRP  model  the  outer  electron  is 
assumed  to  be  essentially  free.  This  assumption  can  be  extended  (12)  and  it  may  be 
assumed  that  the  outer  electron  is  unperturbed  by  inelastic  processes  in  the  core 
collision  and  vice  versa.  The  DCS  can  then  be  obtained  as  products  of  the  survival  or 
detachment  probability  and  the  elastic  and  inelastic  DCS  of  the  core  H  He  collision.  The 
latter  may  be  treated  in  a  usual  quasimolecular  model. 

0^1^  (If  He)  =  Ps  .  (H  He) 

Oj  (H'  He)  =  Pd  .  (H  He) 

Oj*(H' He)  =  Pd  .  o*  (HHe) 
and  also  o  '  (H'  He)  =  Ps  .  o  *(H  He) 

Here  o*  (h  He)  corresponds  to  the  DCS  for  excitation  processes.  The  last  equation 
describes  the  formation  of  autodetaching  states  by  recapture  of  the  outer 

electrons.  Note  that  ionisation  in  the  core  will  also  produce  excited  states  in  a 
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750eV,  0.6° 


Fig  6.  (a)  TOF  spectrum  for  H'He  collisions.  The  zero  of  the  energy  scale  is  taken  at 

an  energy  loss  of  -0.75eV  from  the  elastic  peak,  so  as  to  coincide  with  the 
ground  state  of  H. 

(b)  Angular  (impact  parameter)  dependence  of  the  TOF  spectra  for  a  sooeV 
collision  energy  (30).  Points  :  experiment.  Lines  :  theory. 


Fig  7.  (a)  Elastic  and  inelastic  D  C  S  for  H'He  collisions.  Points  experiment  (12), 

lines  :  theory  (23). 

(h)  H  production  cross  section.  Points  :  experiment  (3'f),  lines  :  theory  based 
on  data  of  — (32)  and -  — (33). 
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mechanism  similar  to  the  one  proposed  by  Drukarev  (31)  in  high  energy  H  collisions. 


He)  =  Pd  .  tJ+  (h  He) 
o*(H'  He)  =  Ps  .  0+  (H  He) 

In  describing  the  H"  He  DCS  Esaulov  et  al  assumed  that  ionisation  in  the  core  was  not 
significant  at  low  energies  as  confirmed  by  existing  measurements  (32).  Also  because 
autodetaching  states  are  observed  in  the  neutral  channel  in  TOP  studies  one  gets 

CT*  (H‘  He)  =  a*  (H  He) 


The  results  of  these  calculations  of  H'  l.G.  DCS  are  in  excellent  agreement  with 
experiment  (fig.  7a). 

In  the  above  description  the  H  l.G.  DCS  were  taken  from  the  experimer.tal  work  of 
Benoit  (35)  and  the  calculations  (for  H  He)  of  Benoit  and  Gauyacq  (36).  The  latter  also 
give  some  justification  for  the  model  employed  since  they  show  that  excitations  in  the 
core  occur  at  R  at  which  the  outer  electron  wavepacket  is  already  spreading  out  from 
the  core.  Note  that  this  situation  may  not  always  occur  and  a  priori  the  above  model's 
applicability  could  turn  out  to  be  limited. 

The  "hybrid"  model  also  allows  for  a  correction  of  the  ZRP  TDCS  to  include  effects 
due  to  excitation. 

ZRP  EXC  ION 

*^-1,0  *^-1,0  *  ^'5-1,0  ^  ^*^-1,0 

where  AQ^j^'^=2ii^s(b)  .  Pexc  (b)  .  b.  db 

=2i^Ps(b)  .  Pion  (b)  .  b.  db 

Inclusion  of  these  effects  leads  to  an  increase  of  the  TDCS  which  in  H'He  collisions 
amounts  to  25%  at  1  keV  (23).  This  model  also  allows  calculation  of  the  H*  production 
cross  section.  Noting  that  excitation  proccesses  occur  at  small  R,  where  the  detachment 
probability  is  slowly  varying  one  gets  (56), 


qION  =  <  pd  > 


.  (H  He) 


The  result  of  such  a  calculation  of  is  compared  with  the  data  of  Risley  and 

Tennyson  (34)  in  fig.  7b.  The  two  calculations  correspond  to  two  sets  of  H  He  data  (32, 
33).  The  better  agreement  with  data  of  (33)  is  presumably  due  to  an  underestimation  of 
large  angle  scattering  in  (33)  and  (34a). 

Summering  one  sees  that  reasonably  good  general  understanding  of  electron 
detachment  in  H’  collisions  was  possible  using  the  zero  range  potential  model.  This  is 
successful  because  it  correctly  accounts  for  dynamical  nuclear  motion  induced  (radial 
coupling)  effects.  Study  of  other  negative  systems  e.g  studies  of  halogen  negative  ion 
l.G.  collisions  (15,  37)  also  reveals  the  existence  of  such  effects  which  are  thus  quite  a 
general  phenomenon. 


4.  DETACHMENT  IN  COLLISIONS  WITH  MOLECULAR  TARGETS 

Collisions  of  negative  ions  with  molecular  targets  have  attracted  much  attention 
recently.  One  of  the  characteristics  of  these  systems  is  that  at  low  collision  energies  (in 
the  c.m.  frame)  there  often  exists  the  possibility  of  nuclear  rearangement  channels  and 
we  are  thus  confronted  with  the  fascinating  realm  of  reactive  scattering.  Thus  for  e.g. 
F  collisions  with  H^  : 

F"  +  H^— FH  +  H' 


(c) 


Electron  Detachment  in  Negative  Ion  Collisions 


187 


F"  +  ^  F  +  H  »  H"  (d) 

This  may  be  accompanied  by  electron  detachment  : 

F‘  +  ►  FH  +  H  +  e"  (e) 

F  +  H  +  H  +  e'  (f) 

We  also  have  the  possibility  of  direct  detachment  ; 

F‘  +  — ►  F  t  H2  +  e'  (g) 


We  shall  not  consider  reactive  scattering  here,  but  rather  turn  to  the  characteristics  of 
the  detachment  processes.  It  should  be  noted  that  often  isotope  effects  in  reactive 
scattering  will  render  interpretation  of  isotope  effects  in  accompanying  detachment 
processes  rather  difficult. 

The  first  question  that  we  shall  ask  ourselves  concerns  the  importance  of  dynamic 
effects.  Measurements  of  the  TDCS  for  the  specific  case  mentioned  above,  clearly 
illustrate  their  existance.  Fig.Sa  shows  the  TDCS  for  F'H^  (D2  and  HD)  collisions 
measured  by  Huq  et  al  (38).  As  can  be  seen  for  energies  above  about  lOeV  in  the  c.m. 
frame  the  TDCS  depends  on  the  collision  velocity  and  not  on  the  c.m.  energy  as  at  the 
lower  energies.  Huq  et  al  attribute  detachment  in  this  region  to  the  direct  detachment 
channel  (g),  and  explain  the  behaviour  of  the  TDCS  as  being  due  to  the  fact  that  the  (F'+ 
Hj)  surface  lies  below  that  for  (F  +  H,)  and  hence  as  in  H"  Ne.  detachment  is  purely 
dyhamic  and  has  a  small  cross  section.  For  E  <  lOeV  detachn.ent  was  attributed  to 
channels  (f)  and  (e).  At  these  energies  it  was  assumed  that  the  corresponding  trajectories 
lie  within  the  continuum  and  an  LCP  model  could  be  applicable  since  dynamic  effects  do 
not  seem  important.  Note  however  that  the  isotope  effect  observed  is  not  attributable  to 
detachment  alone  but  is  strongly  affected  by  the  reactive  scattering  isotope  effects  also 
seen  in  the  ionic  channels. 

Recently  another  peculiar  dual  isotope  effect  was  observed  in  the  case  of  H'N- 
collisions  (39,  40)  8b.  At  low  energies  the  isotope  effect  is  consistent  with  what  one 
might  expect  of  detachment  occuring  primarily  in  the  continuum  (as  for  H'  He).  Whereas 
at  high  energies  detachment  appears  to  be  dominated  by  some  channel  whose  importance 
increases  as  the  collision  velocity  increases. 

In  order  to  identify  this  channel  let  us  consider  the  DEES  (8,  9,  10).  Fig.  9a  shows  the 
(DEES)  for  different  collision  energies  obtained  by  Esaulov  et  al  ( 10)  .At  low  energies  the 
DEES  is  fairly  narrow,  presents  no  structure  and  is  attributable  to  the  DD  and  DE 
channels.  As  the  energy  increases  a  serie  of  structures  appear  at  about  2eV  for  energies 
above  50eV.  These  are  attributed  to  the  onset  of  charge  exchange  to  the  shape 
resonances  (CE5R)  of  N^'  (‘Dg).  This  process  populates  the  various  'vibrational  levels’  of 
N^.  These  can  decay  into  the  ground  and  excited  vibrational  levels  resulting  in  a  series  of 
lines  lying  around  2eV.  The  slight  difference  in  the  vibrational  spacings  of  N-  (0.3  eV) 
and  N~(  0.25eV)  results  in  a  slight  broadening  of  the  lines.  From  this  result  rt  appears 
that  charge  exchange  onsets  at  about  50eV  and  it  appears  plausible  that  the  reversal  of 
the  isotope  effect  in  the  H'N^  TDCS  (fig  8b)  is  due  to  CESR. 

Further  evidence  for  the  existence  of  this  process  is  provided  by  TOF  studies  (41,  42). 
Fig  9c  shows  a  typical  energy  loss  spectrum  for  a  420eV  H'N-  collision.  The  spectrum 
displays  two  sets  of  peaks  :  ^ 

a)  Peak  B  :  corresponds  to  a  series  of  excitation  processes  corresponding  to  N-  and  H 
excitation.  ^ 

and  b)  Peak  A  corresponds  to  direct  detachment  and  to  CESR  to  N-'  (^Flg).  An 
interesting  feature  of  this  peak  is  that  the  CESR  peak  does  not  lie  at  the  Franck  Condon 
position  of  the  resonance  but  somewhat  lower.  The  same  effect  is  also  observed  in  the 
DEES,  but  there  an  additional  shift  due  to  summation  over  entry  and  exit  channels  may 
also  be  present.  This  non  Franck  Condon  behaviour  is  rather  surprising  given  the  high 
velocity  of  H"  which  would  lead  us  to  expect  vertical  transitions  since  the  "collision 
time"  is  shorter  than  the  "vibrational  time"  of  N^. 


dE  (eV; 


(c)  T  O  F  spectra  for  H  collisions  for  420  eV  and  I  WeV  impact  energies, 
td)  T  O  F  spectra  for  H’CO^  collisions. 
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The  above  observations  are  true  also  in  the  case  of  other  lyolecular  targets  with  the 
exception  of  H2  for  which  the  very  broad  (  TfRo)  geV)  I  resonance  does  not 
appear  to  play  any  role.  As  an  example  fig  9d  shows  some  TOP  spectra  for  CO^i^ui). 
CESR  to  the  CO."  (^flu)  resonance  lying  at  3,8  eV  is  observed  to  onset  for  energies 
above  about  150ev.  This  can  also  be  seen  in  the  DEES  of  Esaulov  et  al  (34)  (fig  9c).  No 
oscillations  are  apparent  in  the  DEES  because  of  the  greater  number  of  vibrational 
modes  and  also  because  of  the  summation  over  exit  channels.  The  'non  Franck-Condon' 
behaviour  of  CESR  at  small  energies  is  particularly  visible  in  this  case.  Indeed  at  250eV 
the  CESR  peak  in  the  TOP  spectrum  appears  at  about  3eV  rather  than  at  3.8  eV.  This  can 
also  be  seen  in  the  DEES,  though  here  the  summation  over  entry  and  exit  channels  may 
also  provoke  a  further  shift  to  smaller  energies  as  discussed  above.  The  shift  from  the 
F.C.  position  is  found  to  decrease  with  increasing  collision  energy  (AE  =  0.2  eV  at  1 
keV). 

At  present  no  pTiolecuIar  model  for  CESR  has  yet  been  proposed.  Problems  of  this  kind 
i.e.  charge  exchange  and  problems  concerning  spin-orbit  coupling  involving  states  lying 
within  a  continuum  have  been  treated  theoretically  by  e.g.  Devdariani  et  al.  (43)  who 
have  proposed  a  generalization  of  models  of  Demkov  (44)  and  Nikitin  (45)  (in  this  context 
see  also  Hazi  (4^  with  reference  to  the  e  HRr  problem),  but  a  quantitative  treatment  of 
a  specific  system  has  not  been  made.  Note  however  that  given  the  low  binding  energy  of 
the  outer  H"  electron  (0,75  eV)  for  collision  energies  of  the  order  of  1.5  keV,  the  orbital 
velocity  of  the  outer  electron  becomes  equal  to  the  collision  velocity  and  one  can 
attempt  a  describe  detachment  in  an  independant  electron  scattering  model.  In  sim.ple 
classical  terms  one  will  say  that  the  total  detachment  cross  section  (TDCS)  is  given  by 
the  total  electron  scattering  cross  section  of  the  outer  loosly  bound  electron  on  the 
target  with  a  collision  energy  given  by  the  translational  energy  and  the  binding  energy  ; 
the  latter  on  addition  of  velocities  determines  the  'incident  energy  spre_f.  This  'spread' 
results  in  a  broadening  out  of  any  sharp  features  in  the  electron  scattering  cross  section. 
At  very  high  collision  energies  the  binding  energy  is  often  neglected.  Thus  the  free 
collision  models  (see  47  and  references  thereinl  which  solve  the  problem  either  by 
classical  mechanics  or  in  the  Rorn  approximation  are  valid  at  verv  high  energies 
(E  l.5keV  for  H").  More  recently  Vu  Ngoc  Tuan  et  al(42)and  Kazanskii  (48)  proposed 
treatinents  which  take  the  binding  energy  of  the  outer  electron  into  account  and  should 
be  valid  down  tc  somewhat  lower  energies. 

In  the  model  proposed  hr  Vu  Ngoc  Tuan  et  al  (42)  nuclear  motion  is  treated 
classically.  A  frame  transformation  is  performed  on  the  outer  1 electron  wavefuncfmn 
to  bring  it  from  the  projectile  frame  to  the  target  N  frame.  It  is  then  expanded  over 
both  energy  and  spherical  harmonics  around  the  target.  Knowing  the  electron-target 
scattering  amplitude  one  gets  the  flux  scattered  by  the  target.  After  integration  over 
time  and  energy  the  detachment  probability  is  obtained  in  a  first  order  p“'-turbation 
theory.  The  energy  spectrum  of  detached  electrons  is  given  by  : 

S(r)  =  ll-'dt.  •'^-R{t).exp(-i(Ej^-  +  v^/2  -  ■  )t)G^(t)  ',^ 

where 

fa  ( t)  is  the  electron  target  scattering  amplitude  for  mode  'a', 

Aa  ( e  )  s  a  flux  normalization  factor, 

is  tie  H  outer  electron  wavefunction  evaluated  at  a  distance  R(t)  from  the 
center, 

R(t)  is  the  time  dependence  of  the  straight  line  trajectory, 

Ej^  is  the  electron  binding  energy, 

V  IS  the  collision  velocity, 

and  Ga  (t)  is  a  geometric  factor  depending  on  the  trajectorv-mo!eL.,!ar  uxis  relative 
orientation. 

For  a  Rreit-Wigner  formula  gave  the  resonant  amplitude  f  : 

(r-rp)t-rV4 
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Fig  10.  (a)  Energy  distribution  in  the  electron  wavepacket  for  several  collision 

energies.  The  Franck  Condon  envelope  of  some  shape  resonances  is  also  shown, 
(b)  Q(£  ,v)  function  in  Kazanskii's  (4S)  treatment  for  the  indicated  H‘  collision 
energies. 


Fig  II.  Dependence  of  the  C  E  5  R  cross  section  on  the  (a)  Energy  EfR-..)  and  (b) 
width  ECRq)  of  a  resonance  for  a  fictitious  target.  The  form  of  a  Breit-Wigner 
(BW)  resonance  is  also  shown. 
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The  integrdl  over  time  contains  a  phase  factor  exp  (-i  E.t)  and  if  the  time 
dependences  of  Ou-  and  G  (t)  are  small  compared  with  this  phase  factor,  the  integral 
does  not  vanish  only  for  energies  around  Ej_|-  +  v^/2  l.e.  the  electron  behaves  almost  like 
a  free  electron  whose  energy  is  given  by  the  tranisational  energy  and  the  binding  energy. 

The  calculated  energy  distribution  of  the  'equivalent  electron  packet*  are  shown  in 
fig.  10a  Also  shown  schematically  is  the  position  and  the  spread  of  the  shape  resonance 
of  0-,  N_  and  CO-  in  the  FC  region.  From  this  figure  one  can  deduce  that 

(a)  the  H'  N^'^OCS  will  reach  its  maximum  for  energies  over  4  keV  and  for  CO^ 
above  7  keV. 

and  (b)  that  even  when  in  a  fast  collision  one  treats  the  target  molecule  nuclei  as  fixed 
and  assumes  vertical  transitions,  if  the  incident  wavepacket  is  not  broad  enough  a 


Franck-Condon  distribution  of  vibrational  levels  will  not  be  obtained. 

Similar  conclusions  should  be  valid  in  Kazanskii's  (48)  impulse  approximation 
treatment,  where  the  energy  spectrum  of  detached  electrons  is  given  by 


da  =  Co 

i(n)_  E  ° 


where  e  i'"'  =  ^  £  £  f  is  the  ejected  electron  energy,  E  -  is  the  initial  and  E 

the  final  vibrational  states'^af  the  target  molecule,  is  ine  total  cross  sections 

for  vibrational  excitation.  The  function  Q  is  illustrated  in  fig.  10b  for  several 
collision  energies  for  the  case  when  an  H"  wave  functions  of  the  type  'ii(r)  =  A  !exp 
(-  a  -r)  +  exp  (-  g.r)  |/  r  is  used. 

Using  their  model  and  assuming  vertical  transitions  Vu  Ngoc  Tuan  et  al  calculated  the 
shape  of  the  TOF  peaks  corresponding  to  CESR.  The  theoretical  curve,  convoluted  by  the 
apparatus  function,  is  compared  in  Fig.  9d  with  experiment.  Note  that  the  shift  from  the 
FC  position  is  correctly  described.  The  'deconvolution'  used  was  simply  subtraction 
assuming  a  smooth  curve  for  the  DD  process.  This  deconvolution  was  performed  for  other 
scattering  angles  and  collision  energies  and  thus  allows  the  separation  of  the  DCS  for 
peak  A  into  components  due  to  DD  and  CESR.  Integration  over  angles  then  shows  that  at 
IkeV  CESR  contributes  about  40%  to  the  TDCS  for  H'N-  collisions  and  25%  for  H'CO- 
collisions. 

At  present  no  attempt  has  yet  been  made  to  calculate  the  DEES.  One  of  the  reasons 
is  that  it  represents  a  sum  of  distributions  of  all  possible  detachment  channels. 

Vu  Ngoc  Tuan  et  al  have  also  investigated  the  behaviour  of  the  CESR  cross  section  in 
H'collisions  as  a  function  of  E(Ro)  and  I'CRo),  i.e.  the  position  and  width  of  the 
resonance  using  a  fictitious  target  with  varying  characteristics. 

A  Breit-Wigner  formula  for  the  scattering  amplitude  was  used.  Their  results  are 
summarised  in  fig.  11.  For  a  given  width  and  varying  E(Ro),  the  maximum  of  the  CESR 
cross  section  is  reached  when  the  electron  translational  energy  is  close  to  the  resonance 
energy  (indicated  by  arrows).  The  maxima  are  however  much  broader  than  the 
corresponding  electron  scattering  cross  section  as  may  be  seen  by  comparing  them  to  the 
electron  scattering  cross  section  shown  in  fig.  11a  (marked  BW)  for  the  case  E(Ro)  = 
2.2eV  and  r(Ro)  =  0.54eV. 

When  studied  as  a  function  of  I’ ,  CESR  is  shown  (fig.  11b)  to  be  more  important  for 
larger  F  .  This  may  be  understood  if  one  remembers  that  since  in  this  model  the  incident 
wave  packet  has  a  broad  energy  distribution,  the  shape  resonance  only  selects  in  it  a  slit 
equal  to  its  width.  Hence  a  broader  resonance  scatters  a  larger  part  of  the  incident 
wavepacket.  It  should  be  noted  here  that  i^  tlje  case  of  both  experiment  and  theory 
show  that  the  broad  (  r(Ro)  w  8eV)  H_-  c  2  u)  resonance^  does  not  play  any  role  and 
detachment  may  be  described  in  a  non  resonant  electron  scattering  formalism. 

CESR  has  also  been  observed  in  collisions  of  other  negative  ion  with  various 
molecular  targets  (18,  49,  50).  Contrary  to  the  lighter  and  hence  faster  H'  the  onset 
energy  of  CESR  in  e.g.  halogen  negative  ion  collisions  is  found  to  lie  at  higher  energies. 
Thuf  in  F'N-  collisions  CESR  onsets  at  energies  around  IkeV.  The  earlier  made  claim 
(14,  49)  thavthis  process  is  important  in  low  energy  (E  ss  200eV)  Cl'N-  etc.  collisions 
thus  appears  unfounded  on  the  basis  of  existing  data  (50).  As  for  (he  H'  case  no 
indication  of  CESR  to  the  broad  ^  Z  u*  H2-  resonance  is  found  in  F"  collisions  (50).  Note 
that  contrary  to  the  deductions  of  Cheung  and  Datz  (58)  on  the  basis  of  low  resolution 
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data,  no  CESR  was  observed  in  more  recent  studies  of  Cl'  collisions  for  relative 
energies  above  25eV  (59). 

The  above  studies  of  negative  ion  molecule  collisions  lead  to  another  question  :  can 
shape  resonance  play  a  role  in  collisions  with  atoms  ?  For  inert  gases  these  do  not  exist, 
but  recent  experiments  of  Johnston  and  Burrow  (39)  show  the  existence  of  low  lying 
shape  resonances  for  alkali  atoms.  A  TOF  study  of  H  Na  collisions  by  Esaulov  and  Vu 
Ngoc  Tuan  (52)  suggests  that  the  answer  is  affirmative.  Indeed  as  may  be  seen  in  fig.  12 
the  TOF  energy  loss  peak  corresponding  to  detachment  reaches  a  maximum  at  the 
resonance  position. 


5.  CONCLUDING  REMARKS 

The  above  studies  of  negative  ion  collisions  show  that  detachment  can  proceed  via  a 
variety  of  channels. 

In  low  keV  collisions  with  atoms  the  main  channel  is  direct  detachment.  Dynamic 
effects  i.e.  nuclear  motion  induced  transitions  (e.g.  radial  coupling)  play  an  important 
role  here.  The  actual  behaviour  of  detachment  cross  sections  is  determined  by  the 
relative  importance  of  "intra-"  and  "extra-"  continuum  transitions  for  a  given  collision 
energy.  Knowledge  of  the  characteristics  of  the  parent  neutral  quasimolecular  system  is 
important  for  the  understanding  of  some  of  these  features.  To  date  the  most  succesful 
description  of  detachment  appears  to  be  the  zero  range  potential  formalism.  This  is 
however  applicable  a  priori  to  negative  ions  with  an  outer  s  electron,  though  some 
attempts  have  been  made  to  use  it  to  calculate  total  cross  sections  in  the  case  of 
halogen  negative  ions.  A  generalisation  of  the  ZRP  model  to  include  1  i  0  cases  has  been 
proposed  (53),  but  no  applications  exist.  Alternatively  a  finite  range  model  (59)  could  be 
useful  here.  Recently  other  descriptions  have  been  proposed  and  some  give  rather  good 
agreement  with  experiment  (20,  21). 
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Fig  12.  T  O.F  spectrum  for  a  500  eV  H'  Na  collision  (52)  for  a  0.3  deg  scattering 
angle. 
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Excitation  processes  have  not  yet  been  very  extensively  investigated.  In  collisions 
with  atoms  they  are  not  very  important  representing  some  10%  in  low  keV  H'  and  F 
collisions  (12,  37).  In  the  case  of  molecular  targets  they  can  be  the  dominant  channell  : 
thus  in  F'C02  collisions  at  2keV  (50)  they  represent  62%  of  the  TDCS.  Excitation  of 
autodetaching  states  appears  to  be  quite  small  (50,  55)  representing  about  2%  of  the 
TDCS  in  IkeV  H"  collisions  (55).  Contrary  to  statements  made  in  existing  literature  (18, 
49)  on  the  basis  of  existing  data  it  seems  doubtful  that  these  resonance  states  make 
significant  contributions  to  TDCS.  Detailed  theoretical  descriptions  of  these  processes 
have  not  yet  been  proposed,  though  some  simple  models  exist  (12,  31). 

Study  of  collisions  with  molecules  has  revealed  the  existence  of  charge  exchange  to 
shape  resonances.  This  process  is  important  in  fast  collisions  (42,  55).  The  maximum  of 
the  CESR  cross  section  is  reached  for  energies  such  that  the  translational  energy  of  the 
outer  electron  is  equal  to  tne  resonance  energy.  Its  magnitude  is  found  to  increase  with 
the  resonance  width  (42). 

The  study  of  CESR  has  revealed  the  existence  of  non-Franck  Condon  effects  in  fast 
collisions  when  the  target  nuclei  can  be  considered  to  be  frozen  during  the  collision  time. 
This  is  because  CESR  is  determined  by  both  Franck  Condon  factors  and  an  energy  defect 
dependent  charge  exchange  probability. 
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The  nonlocal  complex  potential  theory  of  nuclear  motion  in  short-lived 
electronic  states  is  reviewed  with  particular  emphasis  on  resonant 
electron-molecule  scattering  and  dissociative  attachment. 


1.  INTRODUCTION 

Short-lived  autodetaching  (or  autoionizing)  electronic  states  of  molecular 
negative  ions  (or  neutral  molecules)  occur  as  intermediates  in  a  variety  of 
collision  processes  such  as  electron-molecule  scattering,  dissociative 
attachment  (or  recombination),  associative  detachment  (or  associative  ioni¬ 
zation)  and  collisional  detachment  (or  Penning  ionization).  It  can  be  shown 
that  the  nuclear  motion  in  these  intermediate  states  is  governed  by  an 
effective  electronic  potential  which  is  (i)  complex  and  (ii)  energy-dependent 
and  nonlocal.  Property  (i)  accounts  for  the  loss  of  flux  by  autodetachment 
(autoionization).  The  energy-dependence  and  nonlocality  is  a  general  property 
of  effective  potentials  obtained  by  the  projection  of  the  Schrbdinger  equation 
on  a  certain  subspace  (in  this  case  the  onedimensional  Hilbert  space  corres¬ 
ponding  to  the  electronic  resonance  state).  The  general  theoretical  description 
of  molecular  dynamics  in  short-lived  electronic  states  is  based  on  the  projec¬ 
tion-operator  formalism  of  Feshbach  [1]  or  Fano's  theory  of  configuration 
interaction  in  the  continuum  [2]  and  has  been  worked  out,  among  others,  by 
Chen  [3],  O'Malley  [4],  Bardsley  [5]  and  Nakamura  [6]. 

Since  the  nonlocality  of  the  effective  potential  complicates  considerably 
the  solution  of  the  dynamical  problem,  the  approximation  of  a  local  and 
energy- independent  complex  potential  has  been  introduced  in  most  practical 
applications,  see,  e.g.  [7-9].  Recent  progress  in  the  ab  initio  calculation  of 
projected  electronic  resonance  states  and  the  energy-dependent  width  and  level- 
shift  functions  [10,11]  has  made  possible  the  calculation  of  electron-molecule 
scattering  and  dissociative  attachment  cross  sections  without  recourse  to  the 
local  approximation,  at  least  for  simple  diatomic  systems  [12-14].  Here  we 
review  briefly  the  theoretical  methods  and  discuss  recent  results  which  shed 
light  on  the  importance  of  nonlocal  effects  in  negative-ion  dynamics. 


2.  PROJECTION-OPERATOR  FORMALISM 

Assuming,  for  simplicity,  that  we  are  dealing  with  a  single  isolated 
resonance  decaying  into  a  single  continuum,  we  introduce  a  closed-channel  (for 
Feshbach  resonances)  or  localized  (for  shape  resonances)  discrete  electronic 
state  |((i£i>  and  an  orthogonal  continuum  In  the  case  of  superexcited 

autoionizing  states  of  neutrals,  the  Rydberg  series  converging  to  the  ioni¬ 
zation  threshold  under  consideration  is  considered  as  a  continuation  of  the 
continuum  to  negative  energies.  In  the  dissociation  limit  R  (we  assume  a 
diatomic  system  for  simplicity)  |4id>  is  a  stable  bound  state  of  the  fragments, 
but  it  moves  into  the  continuum  when  the  internuclear  distance  R  decreases. 

The  construction  of  |((iq>  is  a  relatively  simple  task  for  Feshbach  resonances: 
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it  represents  an  excited  discrete  configuration  lying  in  the  ionization 
or  detachment  continuum.  The  construction  of  |i)id>  is  less  obvious  for  shape 
resonances  which  are  often  very  short-lived.  Here  the  relevant  criterion  is 
the  diabaticity  [15]  of  and  The  discrete  state  is  constructed 

such  as  to  extract  the  resonance  from  the  scattering  continuum,  yielding 
usually  a  structureless  background  continuum  to  which  the  simple  adiabatic- 
nuclei  approximation  is  applicable,  see,  e.g.,  ref.  [16]. 

Given  the  diabatic  discrete  state  (*(i>  and  background  continuum  ( +  K ,  we 
introduce  the  potential  energy  function  of  the  discrete  state 


V(i(R)  =  «(idiHe]  Ud'  (1) 

where  Hgi  is  the  fixed-nuclei  electronic  Hamiltonian,  and  the  width  and  level- 
shift  functions 

r(R,E)  =  2T>JdP|<|Vk(R)|^  (2) 

a(R,E)  =  (27i)-1  P|  dE'r(R,E')/{E-E')  (3) 

where  V(c(R)  is  the  discrete-continuum  coupling  element 

Vk{R)  =  «>k<'')|Hel|<t>d>  •  (4) 


The  transition  matrix  elements  for  low-energy  inelastic  and  reactive  colli¬ 
sion  processes  such  as  vibrational  excitation,  dissociative  attachment  or 
associative  detachment  can  formally  be  expressed  in  terms  of  the  fixed-nuclei 
quantities  (1-4).  The  T-matrix  element  for  v  v'  vibrational  excitation,  for 
example,  reads 

Ti-f^kf,kj)  =  <v'|Vkf(E-'X)-l  Vk^|v>  (5) 

where  ki  and  kf  are  the  initial  and  final  momenta  of  the  electron.  The  super¬ 
script  "res"  indicates  that  (5)  is  the  resonant  contribution  to  the  process; 
in  principle,  there  is  also  a  background  contribution,  which  is  usually  negli¬ 
gible,  however,  for  inelastic  processes.  The  central  quantity  of  the  formalism 
is  the  effective  Hami Itonian  •at  whose  resolvent  appears  in  equation  (5).  It  is 
defined  as  [17] 

■X’TN  +  Vopt  (6) 

Vopt  =  Vd(R)  +  a{R,E-Ho)  -  -1  r(R,E-Ho)  (7) 

Ho  =  Tn  +  Vo{R)  (8) 

Here  T^  is  the  kinetic-energy  operator  of  the  nuclear  motion  and  Vq(R)  the 
potential -energy  function  of  the  target  molecule.  Hq  is  the  target  vibrational 
Hamiltonian  with  eigenstates  |v>  and  eigenvalues  cy.  Vppt  is  the  effective 
or  "optical"  potential  for  the  nuclear  motion  in  the  resonance  state  and  is 
seen  to  be  complex,  energy-dependent  and  -  owing  to  its  dependence  on  the 
operator  Hg  -  nonlocal.  Explicitly,  the  nonlocal  parts  a  and  r,  which  depend 
on  the  non-commuting  operators  R  and  Hg,  are  given  by  (we  suppress  here  the 
rotational  motion  for  simplicity) 

r(R,E-Hg)  -  2^  r  Ve-e  (R)|m><mlVE.E^(R)  (9) 

A(R,E-Hg)  =  t  PjdE'V^(R)|m><m|VE'(R)/(E-E'-S)  (10) 

m 

where  the  sum  over  m  includes  integration  over  the  dissociation  continuum.  The 
Ve(R)  are  defined  as 

1Ve(R)|^  -  /dnk!Vk{R)|"  (11) 

with  E  =  kV2. 

The  effective  Hamiltonian  iJt  governs  the  time-evolution  of  the  nuclear 
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motion  in  the  resonance  state.  It  determines,  therefore,  also  the  T-matrix 
elements  for  the  other  processes  mentioned  in  the  Introduction.  The  T-matrix 
element  for  dissociative  attachment  of  an  electron  with  momentum  to  a  mole¬ 
cule  in  the  vibrational  level  v,  for  example,  can  be  written  as 


■r(K;kj,v)  =  <K(-)|Vk.|v 

=  |K>  +  G^^^Vopt 


|k(^)> 


(12) 

(13) 


where  1K>  denotes  the  plane-wave  state  of  dissociating  fragments  and  'is 
the  corresponding  free  Green's  function.  By  detailed  balance,  the  T  matrix 
element  (12)  determines  also  the  cross  section  for  the  reverse  process, 
associative  detachment.  The  corresponding  processes  involving  short-lived 
electronic  states  of  neutral  molecules,  namely  dissociative  recombination 
and  associative  ionization,  are  included  in  the  above  description,  provided 
the  Rydberg  series  converging  to  the  ionization  threshold  is  taken  into 
account  in  the  definition  of  the  nonlocal  level-shift  operator  a  [18]. 

The  widely  used  local-complex-potential  approximation  [7-9]  consists  in 
the  replacement  of  the  nonlocal  operators  r  and  a  of  equations  (9,10)  by  the 
local  functions 


r(R)  =  r(R,Eres(R)) 

A(R)  =  A(R,Eres(R))  (15) 

where  Ef-esfR)  's  the  fixed-nuclei  resonance  energy  defined  via 

Eres(R)  =  Vd(R)  -  Vo(R)  +  A(R,Eres(R))  (16) 

With  this  approximation  the  effective  potential  for  the  nuclear  motion 
becomes  an  energy-independent  and  local  function  of  R 

Vopt(R)  =  Vd(R)  +  a{R)  -  \  r(R)  .  (17) 


We  have  to  replace,  furthermore,  the  energy-dependent  entrance  and  exit 
amplitudes  in  equations  (5,12)  by  local  amplitudes,  see,  e.g.,  [13,19]. 

The  derivation  of  the  local-complex-potential  model  as  a  limiting  case 
of  the  nonlocal  resonance  theory  has  been  discussed,  for  example,  in 
references  [5,19-21].  The  derivation  of  locality  requires  the  assumption  of 
closure  for  the  sum  over  vibrational  states  in  equations  (9,10).  Therefore, 
the  local  approximation  for  the  width  must  break  down  for  resonances  near 
the  detachment  (or  ionization)  threshold,  where  few  vibrational  decay 
channels  are  open.  More  generally,  the  local  approximation  can  be  expected 
to  fail  when  either  r(R,E)  or  a{R,E)  defined  in  (2,3)  are  large  and  strongly 
energy-dependent  [18,22]. 

In  conclusion  of  this  Section  we  mention  that  there  are  alternative  for¬ 
mulations  of  the  problem  which  do  not  invoke  the  concept  of  a  diabatic 
discrete  resonance  state.  Among  these  approaches  are  the  R-matrix  theory  for 
dissociative  attachment  [23]  and  theories  based  on  the  zero-range-potential 
approximation  [24]  or  Faddeev's  equations  [25]. 


3.  SOLUTION  OF  THE  DYNAMICAL  PROBLEM 

The  solution  of  equation  (13)  for  the  scattering  states  of  nuclear  motion 
in  the  nonlocal  and  complex  potential  (7)  is  not  a  trivial  problem  and  has 
been  circumvented  in  most  applications  of  the  theory  by  resorting  to  the 
local-complex-potential  approximation.  In  recent  model  calculations  [26,27] 
we  have  learned,  however,  that  separable  expansions  [28]  of  the  nonlocal 
potential  may  yield  rapidly  convergent  and  numerically  manageable  approxi- 
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mation  schemes. 

Since  the  generally  strongly  repulsive  local  part  V(j(R)  of  l/gp);  is  not  well 
approximated  by  separable  expansions,  we  rewrite  equation  (13)  as 

|k(  +  )>  =  +  G^'^^F|k(  +  )>  (18) 

where 

F  =  a(R,E-Ho)  -  i  r(R,E-Ho)  (19) 

is  the  nonlocal  part  of  the  optical  potential  and  and  are  the 

scattering  states  and  the  Green's  function  for  the  local  potential  V(j(R), 
which  can  be  determined  by  standard  numerical  methods. 

To  generate  the  separable  expansion  of  F,  we  introduce  a  suitable  complete 
set  of  orthonormal  square- integrable  basis  functions  xn(R)  and  diagonalize  the 
representation  of  Hq  in  a  large,  but  finite,  subset  of  these  functions.  This 
procedure  yields  approximate  eigenstates  |n>  and  eigenvalues  Fp  of  Hq.  For  an 
appropriate  choice  of  the  basis  functions  xn(*^)>  Hilbert  space  spanned 
by  the  |n>  comprises  the  finite-dimensional  space  of  bound  states  of  Hq  and 
includes,  furthermore,  a  discretized  representation  of  the  dissociation 
continuum.  Approximating  the  nonlocal  operator  F  by 

f(s)  =  z  ,  F|n>(F-l)nm-=iS|F,  (20) 

n,m=l  ~ 

Fnm  =  <n|F|m>  , 

the  kernel  of  the  integral  equation  (18)  becomes  separable  and  (18)  reduces  to 
a  finite  set  of  linear  algebraic  equations,  see,  e.g.,  [28].  Calculations  for 
a  variety  of  examples  have  shown  that  this  procedure  converges  reasonably 
fast  with  respect  to  the  number  of  basis  functions  xn(^)>  la>‘ge 

and  possibly  singular  level-shift  functions  a(E)  [14,26,27].  It  is  in  general 
essential,  however,  to  include  the  contribution  of  the  continuum  of  Hq  in 
equation  (10)  to  obtain  converged  results. 

In  the  application  of  the  theory  to  the  ^Zq''’  resonance  in  electron-H2 
scattering  to  be  discussed  below  we  have  parametrized  V(j(R)  by  a  general  i zed 
Morse  potential,  which  allows  us  to  obtain  <R|K(j(''’)>  and  <R|G(j''*')  |  R' >  analy¬ 
tically.  For  the  basis  functions  the  Lanczos  basis  [29]  of  the  Morse 

Hamiltonian  Hd  =  T^  +  Vd(R)  has  been  adopted.  This  has  the  particular  advan¬ 
tage  that  matrix  elements  of  Gdf'*')  can  be  evaluated  by  three-term  recursion 
relations,  which  leads  to  great  savings  in  computing  time.  Details  of  this 
method  are  given  in  reference  [26]. 


4.  EXAMPLES 

We  have  applied  the  above-discussed  methods  to  vibrational  excitation  of 
N2  via  the  shape  resonance  (the  prototype  of  a  resonance  of  intermediate 
width)  and  to  vibrational  excitation  and  dissociative  attachment  in  H2  and 
D2  via  the  resonance  (the  prototype  of  a  very  short-lived  shape  resonance) 
with  particular  emphasis  on  the  quantitative  assessment  of  the  accuracy  of  the 
local  approximation  [13,14]. 

The  ^Rg  resonance  in  electron-N2  scattering  has  been  extensively  studied 
both  experimentally  and  theoretically  and  represents  the  most  spectacular 
success  of  the  local-complex-potential  or  boomerang  model  [7,30].  Ab  initio 
calculations  yielding  vibrational  excitation  cross  sections  in  good  agreement 
with  experiment  have  been  performed  by  Schneider  et  al.  [31]  and  Hazi  et  al. 
[19].  The  width  function  r(R,E)  for  the  ^iig  resonance  has  been  calculated  by 
Hazi  [10]  and  with  different  methods  by  Berman  and  Domcke  [11].  Based  on  the 


Collision  Dynamics  with  Nonlocal  Potentials 


199 


fixed-nuclei  ab  initio  data  of  Hazi  [10]  a  fully  nonlocal  treatment  of  the 
nuclear  dynamics  in  the  ^ng  resonance  state  has  been  achieved  by  Berman  et  al. 
[13].  The  results  show  that  the  local-complex-potential  approximation  is  of 
excellent  quantitative  accuracy  for  the  inelastic  channels  v  =  0  -►  1  up  to 
V  =  0  ->■  5  or  6.  There  are,  however,  significant  deviations  of  the  local  model 
from  the  exact  non-local  theory  for  the  elastic  channel  which  dominates  the 
total  cross  section.  These  deviations  also  lead  to  noticeable  effects  in  the 
electron  transmission  spectrum  [13],  Interestingly,  simple  model  calculations 
[22]  predict  that  the  local  approximation  fails  severely  for  deeply  inelastic 
channels  where  the  electron  in  the  final  state  is  slow.  Recently,  Allan  [32] 
has  measured  vibrational  excitation  functions  in  up  to  v  =  17  with  excel¬ 
lent  signal-to-noise  ratio.  The  experimental  results  agree  well  with  the  pre¬ 
dictions  of  the  nonlocal  model  calculation  [22].  In  summary,  the  local- 
complex-potential-approximation  is  clearly  a  useful  and  physically  appealing 
concept  to  rationalize  the  nuclear  dynamics  in  the  ^tlg  shape  resonance  of 
N2,  but  significant  deviations  from  the  more  exact  nonlocal  theory  occur 
for  the  elastic  channel  as  well  as  in  deeply  inelastic  channels. 

Dissociative  electron  attachment  in  F2  via  the  shape  resonance  has 
been  considered  by  Hazi  et  al.  [12]  and  Bardsley  and  Wadehra  [33]  using  a 
nonlocal  description  of  the  width  r  and  a  local  approximation  to  the  level- 
shift  A.  Since  the  level-shift  is  rather  small  and  a  smooth  function  of  energy 
for  this  particular  resonance,  the  latter  approximation  is  justified,  as  has 
been  confirmed  by  explicit  calculations  [34].  The  nonlocal  treatment  of  r  is 
important,  however,  since  dissociative  attachment  in  F2  occurs  at  low  electron 
impact  energies  and  few  vibrational  decay  channels  are  available  for  the  auto¬ 
detachment  process. 

The  shape  resonance  in  electron-H2  scattering  represents  an  interesting 
borderline  case  where  resonant  and  non-resonant  formulations  of  electron- 
molecule  scattering,  dissociative  attachment  and  associative  detachment  meet. 

It  is  not  possible  to  cover  here  the  extensive  amount  of  literature  on  this 
system  and  we  refer  the  reader  to  the  review  article  [35]  and  to  the  referen¬ 
ces  given  in  recent  papers  on  electron  scattering  and  dissociative  attachment 
in  H2  [14,24]. 

The  discrete-state  potential  energy  V(j(R)  and  the  width  and  level-shift 
functions  for  this  resonance  have  recently  been  obtained  by  Berman  et  al. 

[16]  and  we  refer  to  this  paper  for  the  details  of  the  calculation.  The  width 
and  level-shift  functions  r(R,E),  a(R,E)  of  the  resonance  state  of  H2' 
are  large  (of  the  order  of  several  eV)  and  strongly  energy-dependent.  Corres¬ 
pondingly,  the  real  part  of  the  local  complex  potential  (see  equation  (17)) 
deviates  strongly  from  the  discrete-state  potential  V(j(R).  While  the  latter 
is  purely  repulsive  for  the  resonance,  the  former  exhibits  an  attractive 
well  which  is  deep  enough  to  support  many  vibrational  levels  [14]. 

Integral  cross  sections  for  vibrational  excitation  and  dissociative  attach¬ 
ment  in  H2  obtained  with  these  ab  initio  data  by  Miindel  et  al.  [14]  are  shown 
in  figure  1  (full  lines)  together  with  absolute  experimental  data  [36,37] 
(crosses).  There  is  good  agreement  between  theory  and  experiment  for  0  1  and 

0  -*■  2  vibrational  excitation,  although  the  deviations  become  larger  for  the 
0  3  channel  [14].  The  dissociative  attachment  cross  section  is  overestimated 

by  the  calculation,  but  its  energy  dependence  seems  to  be  in  good  agreement 
with  experiment.  The  results  obtained  with  the  local  approximation  using  the 
same  ab  inito  input  data  are  included  as  the  full  line  with  circles  in  figure 
1.  These  cross  sections  are  off  by  factors  up  to  10  and  could  be  included  in 
figure  2  only  after  rescaling  them  by  appropriate  factors  as  indicated  in  the 
figure.  The  cross  sections  obtained  in  the  local  approximation  are  generally 
much  too  large,  in  particular  for  dissociative  attachment.  We  observe  thus  a 
complete  breakdown  of  the  local-complex-potential  approximation  for  the 
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ELECTRON  ENERGY  (eV) 

FIGURE  1 

Integral  cross  sections  for  vibrational  excitation  (a,b)  and  dissociative 
attachment  (c)  in  Hg.  Full  line:  non-local  resonance  theory;  full  line  with 
circles:  local-complex-potential  approximation,  rescaled  by  the  indicated 
factors;  crosses:  experimental  data  [36,37], 
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nuclear  dynamics  in  the  state  of  H2".  The  origin  of  the  breakdown  is  the 

large  size  and  the  strong  energy-dependence  of  the  width  and  level-shift 
functions  of  the  resonance.  Our  findings  are  in  accord  with  the  observation  of 
Bieniek  [20]  who  pointed  out  inconsistencies  in  local  calculations  of  the 
H"  +  H  associative  detachment  reaction,  indicating  a  severe  breakdown  of  the 
local  model . 

An  interesting  prediction  of  the  calculations  [14]  is  the  appearance  of  vi¬ 
brational  fine  structure  in  the  0  v  vibrational  excitation  functions  for 

V  j  4  in  H2.  The  results  of  the  calculations  for  0  4,  0  5  and  0^-6  vibra¬ 

tional  excitation  of  H2  are  shown  in  figure  2.  Qualitatively,  this  fine  struc¬ 
ture  is  associated  with  vibrational  levels  of  the  local  potential  energy  curve 
of  H2'  which  converge  towards  the  dissociation  limit  of  H2'  at  3.725  eV.  The 
observation  of  fine  structure  is  intuitively  unexpected  for  this  very  short¬ 
lived  resonance  (r  a  4  eV  at  the  equilibrium  geometry  of  H2),  but  can  be  ra¬ 
tionalized  as  a  vibration-induced  narrowing  effect  [38].  The  fine  structure 

is  reproduced  qualitatively,  but  not  quantitatively,  by  the  local-complex- 
potential  model,  i.e.,  the  positions  and  intensities  of  the  fine-structure 
peaks  are  not  identical  to  those  found  in  the  nonlocal  calculation. 

The  predicted  fine  structure  has  recently  been  confirmed  experimentally  by 
Allan  [39]  who  has  been  able  to  measure  the  0  *  v  vibrational  excitation 
functions  of  H2  up  to  v  =  6.  Distinct  fine  structure  is  first  observed  for 

V  =  4  and  becomes  progressively  more  pronounced  for  larger  v.  As  expected, 
the  theoretical  cross  sections  are  not  in  quantitative  agreement  with  the  ex¬ 
perimental  data,  owing  to  limitations  in  the  accuracy  in  the  ab  initio  calcu¬ 
lation.  The  experimental  observation  of  this  fine  structure  has  established 
the  resonance  of  H2  as  a  very  interesting  new  prototype  system  to  study 
the  nuclear  dynamics  in  a  strongly  nonlocal  complex  potential  with  high 
precision. 


5.  CONCLUSIONS 

We  have  sketched  the  general  theoretical  description  of  inelastic  and 
reactive  electron-molecule  collisions  and  detai-hment  processes  based  on  the 
projection-operator  formalism.  In  this  formulation  the  calculation  of  cross 
sections  reduces  to  the  treatment  of  the  nuclear  dynamics  in  the  nonlocal 
complex  potential  of  the  electronic  resonance  state  formed  during  the  colli¬ 
sion.  Recent  work  in  this  field  has  resulted  in  the  quantitative  assessment 
of  the  importance  of  nonlocal  effects  in  resonant  electron-molecule  scattering 
and  dissociative  electron  attachment.  The  specific  cases  studied  so  far  on  an 
ab  initio  level  (e  +  F2  [12],  e  +  N2  [13],  e  +  H2  [14])  indicate  that  nonlocal 
effects  are  generally  important  for  broad  resonances  and  for  resonances  which 
cross  the  threshold  in  the  vicinity  of  the  equilibrium  geometry  of  the  target 
molecule. 

It  is  hoped  that  the  quantitative  results  available  now  for  electron-mole¬ 
cule  scattering  and  dissociative  attachment  will  stimulate  the  application  of 
these  methods  to  the  related  processes  associative  detachment,  collisional  de¬ 
tachment  and  associative  and  Penning  ionization,  which  involve  the  dynamics  in 
the  same  nonlocal  potential,  but  under  different  kinematical  conditions  {colli¬ 
sion  energy  and  angular  momentum).  The  treatment  of  the  multidimensional 
dynamics  in  short-lived  electronic  states  of  polyatomic  anions  (e.g.  electron 
attachment  to  CCI4  and  SFg)  is  also  a  challenging  problem  for  future  theore¬ 
tical  work. 


202 


Domcke  and  C  Mundel 


0.0030  :  vrO— 4 


FIGURE  2 

Integral  excitation  functions  for  0^-4,  0-.5,  0-.6  vibrational  excita¬ 
tion  in  H2.  calculated  with  the  nonlocal  resonance  theory. 
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Recent  studies  of  electron  impact  ionization  in  this  laboratory  are  dis¬ 
cussed  vrith  emphasis  on  the  role  of  indirect  processes.  Examples  are  used 
to  Illustrate  the  Importance  of  excitation-autoionization  (Ti^f"  and  Al^'^), 
autolonlzlng  metastable  ions  in  the  Na  isoelectronlc  sequence,  multiple 
ionization  (triple  ionization  of  Xe^"*"),  the  relative  Importance  of  indirect 
ionization  with  increasing  charge  in  the  Mg  isoelectronlc  sequence,  and  Che 
extension  of  ionization  measurements  to  higher-charged  target  ions  (Fe^). 

1.  INTRODUCTION 

Electron  impact  ionization  is  of  primary  importance  to  the  understanding 
of  laboratory  plasmas  through  power  balance  calculations,  analysis  of  diagnos¬ 
tics,  edge  plasma  studies,  and  other  interpretative  research  (1).  In  addition, 
there  is  basic  interest  in  the  varied  physical  processes  which  result  in  ioni¬ 
zation.  One  of  the  principal  alms  of  our  laboratory  has  been  the  measurement 
and  interpretation  of  cross  sections  for  electron  impact  ionization  of  multi- 
charged  ions.  A  large  number  of  cross  sections  have  been  measured  to  test 
existing  theories  (or  to  provide  a  base  for  comparison  with  planned  calcula¬ 
tions)  .  Our  measurements  have  concentrated  on  systematic  studies  of  Isoelec¬ 
tronlc  (same  number  of  electrons  with  varying  elements  in  appropriate  charge 
states),  isonuclear  (same  element  with  varying  charge  states),  and  isoionlc 
(ions  with  similar  outer  electron  configurations)  target  ion  groups  (2). 

The  crossed  beams  apparatus  currently  in  use  for  electron  impact  ioniza¬ 
tion  measurements  at  ORNL  is  shown  in  Figure  1.  In  the  main  Interaction 
chamber,  the  incident  ion  beam  is  focussed  and  then  bent  by  90°  by  the  charge 
purifier.  It  then  passes  through  the  interaction  region,  where  it  is  inter¬ 
sected  at  right  angles  by  a  magnetically-confined  electron  beam  (3).  The  ion 
beam  is  then  separated  into  charge-state  components  in  the  post-collision  ana¬ 
lyzing  magnet.  Incident  ion  beam  current  is  measured  by  collection  in  one  of 
two  Faraday  cups  while  signal  (further  ionized)  ions  are  counted  in  a  channel- 
tron  electron  multiplier. 

The  new  analyzing  magnet  extends  our  potential  range  of  measurements  of 
single  ionization  to  ions  with  incident  charge  states  up  to  +14.  This  extended 
range  was  Intended  to  match  the  capabilities  of  the  new  ORNL-ECR  ion  source 
which  has  recently  been  commissioned  for  full-time  use  on  atomic  physics 
experiments  (4);  the  source  has  in  fact  already  surpassed  its  expected  ultimate 
performance  criteria  for  beam  intensity  and  charge  state  output.  Details  of 
the  previous  ion  source  and  other  experimental  details  are  available  in  pre¬ 
vious  publications  (3,6). 

A  number  of  indirect  processes  must  be  considered  to  fully  understand 
observed  ionization  cross  sections  (7).  In  addition  to  direct  ionization  of 
an  outer  shell  electron,  e.g.. 
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e  +  Xe®+  (4dl“  Ss^)  -»  Xe^+  (4dl®  5s)  +  2e,  (1) 

removal  of  an  electron  from  the  target  ion  may  occur  through  excitation  of  an 
inner-subshell  electron  followed  by  autoionization,  as  in 

e  +  Xe6+  (4dl®  Ss^)  +  Xe*+  (4d’  Ss^  ni)  +  e 

t— ►  Xe^+  (4dl“  5s)  +  e.  (2) 

Detailed  knowledge  of  the  energy  level  scheme  for  the  target  ion  is  generally 
necessary  in  order  to  make  an  accurate  evaluation  of  which  excited  states  will 
autoionize  and  which  are  trapped  in  the  Incident  ion  charge  state,  but  rough 
guesses  can  often  be  made  based  on  available  inner-subshell  ionization  energies 

(8) .  Net  imiltiple  ionization  may  also  result  from  excitation  or  ionization  of 
an  inner-shell  electron: 

e  +  (3dl‘'  43^  4dl“  5s2)  -►  Xe^+  (3d^  4s2  ApSAdI'’  5s 2)  +  2e 

!-►  (Ad®)  +  2e.  (3) 

In  this  example,  direct  ionization  of  a  3d  electron  leads  eventually  to  triple 
Ionization.  Careful  accounting  of  possible  branching  paths  for  Ions  with 
Inner-shell  holes  must  be  used  to  optimize  the  usefulness  of  any  theory, 
whether  it  Is  a  detailed  distorted-wave  or  close-coupling  calculation  or  the 
simple  Lotz  formula. 

Two  examples  of  indirect  ionization  due  to  excitation-autoionization  will 
be  discussed  followed  by  an  example  of  multiple  ionization.  Recent  preliminary 
cross  section  measurements  on  a  highly-charged  ion  will  be  presented  along  with 
a  discussion  of  our  future  plans. 

2.  EXCITATION-AUTOIONIZATION 

The  effects  of  excitatlon-autoionlzation  may  range  from  negligible  to 
dominant,  and  we  are  still  learning  how  to  make  intelligent  guesses  of  its 
importance  to  total  ionization  in  a  given  case.  For  this  reason,  a  large 
number  of  comparisons  between  experiment  and  theory  seems  the  only  way  to 
develop  an  understanding  of  the  "rules"  that  govern  which  transitions  and  pro¬ 
cesses  are  important.  In  cases  where  the  transitions  leading  to  autolonlzing 
states  are  well-separated  in  energy,  the  experimental  data  may  provide  an 
Indirect  measure  of  the  excitation  cross  sections  to  compare  with  detailed 
calculations . 

One  of  the  measurements  which  drew  our  attention  to  the  Importance  of 
excitatlon-autoionlzation  was  the  cross  section  for  single  ionization  of  Ti^"*" 

(9) .  Indirect  ionization  dominates  over  the  direct  process  by  a  factor  of  up 
to  ten  over  the  entire  energy  range  from  threshold  to  high  energies,  A  sub¬ 
sequent  study  (10)  of  the  cross  section  for  single  ionization  of  Tl^  is  shown 
in  Figure  2  along  with  direct  ionization  calculations  from  Pindzola  et.  al. 

(11)  and  the  three-parameter  Lotz  formula  (12).  It  is  obvious  that  total  ioni¬ 
zation  is  almost  uniformly  twice  the  direct  cross  section,  so  that  the  direct 
and  indirect  contributions  must  be  approximately  equal.  In  such  cases  where 
widely  used  formulas  (like  the  Lotz  semlemplrlcal  formula)  underestimate  total 
ionization  by  a  large  factor  for  several  successive  charge  states  of  an  impor¬ 
tant  element,  any  plasma  modeling  or  diagnostic  analysis  based  on  these  for¬ 
mulas  will  be  very  misleading  and  may  lead  to  conclusions  which  are  seriously 
in  error. 

Ionization  of  Al^A",  shown  in  Figure  3,  has  been  the  subject  of  controversy 
for  several  years  (13).  Detailed  calculations  (14)  of  the  expected  contribu¬ 
tions  of  excitatlon-autoionlzation  (upper  solid  curve)  appear  to  overestimate 
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FIGURE  2 

Electron  Impact  ionization  of  Ti^"*"  (from  Ref.  10).  The  solid  and  dashed 
curves  are  thought  to  be  reasonable  estimates  of  direct  ionization;  direct  and 
indirect  ionization  contribute  approximately  equally  to  the  total  cross  sec¬ 
tion. 
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FIGURE  3 

Electron  impact  ionization  of  Al^+  in  the  threshold  energy  region  (from  Ref. 
13).  It  is  now  thought  that  the  predicted  2p-3p  excitatlon-autolonizatlon 
feature  does  not  contribute  to  the  measured  cross  section  because  the  excited 
ion  is  trapped  in  a  metastable  autoionlzlng  state. 


Indirect  Processes  in  Electron-Impact  Ionization 


209 


the  indirect  contribution  by  almost  a  factor  of  two,  and  although  the  overall 
disa^i-eement  ir  not  latgu,  this  is  an  excellent  test  case  for  cotnparisf'r. 
between  theory  and  experiment*  Al^  is  also  a  member  of  the  Na  isoelectronic 
sequence  which  is  critical  to  plasma  diagnostics  and  X-ray  laser  development* 
The  transitions  expected  to  lead  to  single  ionization  are  listed  on  the  figure 
along  with  arrows  Indicating  the  excitation  onset  energies*  A  number  of 
effects  may  lead  to  a  "washing— out**  of  the  sharp  onsets  indicated  in  the  theory 
curve,  but  some  fairly  sharp  rise  should  be  observed  at  least  in  the  case  of 
the  strongest  transition  (2p-3p)*  It  should  also  be  noted  that  elimination  of 
this  one  transition  would  bring  experiment  and  theory  into  good  agreement* 

Recent  measurements  and  calculations  of  ionization  in  the  neighboring  Mg 
Isoelectronic  sequence  (15,16)  have  led  to  reasoning  which  explains  the  results 
of  both  sequences;  without  this  explanation  neither  sequence  can  currently  be 
explained*  If  the  excitation  of  a  2p  electron  from  the  ground  state  of 
leaves  the  resulting  excited  Al^  (2p^  3s3p)  ion  in  one  of  the  metastable 
states  of  this  configuration,  the  subsequent  autoionization  event  might  not 
occur  for  several  microseconds;  this  delay  is  long  enough  to  eliminate  that  ton 
from  our  signal  channel  and  probably  long  enough  in  a  plasma  to  allow  other 
collisions  which  will  alter  the  ion  configuration  once  again.  Thus  the 
"missing"  transition  may  only  be  trapped  in  an  unexpected  metastable  state*  In 
the  Mg  sequence,  ionization  from  metastable  target  ions  leave  a  similar  meta¬ 
stable  ion;  this  ionization  event  is  detected  in  our  signal  channel  even  though 
it  should  autoionize  and  result  in  net  double  ionization*  These  cases  provide 
an  excellent  example  not  only  of  cooperation  between  experiment  and  theory,  but 
also  of  seemingly  unrelated  discrepancies  leading  to  a  single  unified  explana¬ 
tion* 

The  relative  importance  of  indirect  ionization  with  increasing  charge  along 
an  isoelectronic  sequence  is  illustrated  in  Table  1  where  the  peak  direct  and 
estimated  peak  indirect  cross  sections  for  some  members  of  the  Mg  isoelectronic 
sequence  are  compared*  While  the  peak  direct  cross  section  decreases  rapidly 
with  increasing  charge,  the  peak  indirect  cross  section  remains  almost  constant 
over  the  range  studied*  This  only  means  that  the  energy  required  and  probabil¬ 
ity  of  exciting  (or  ionizing,  for  that  matter)  an  inner-shell  electron  is  not 
very  sensitive  to  the  exact  number  of  outer-shell  electrons*  As  the  charge 
state  increases,  however,  competing  processes  (such  as  radiative  stabilization 
in  the  case  of  excitation-autolonization)  will  eventually  change  the  relative 
importance  of  the  various  indirect  processes*  We  may  discover  new  processes  or 
new  significance  for  processes  thought  to  be  negligible  as  ionization  measure¬ 
ments  are  extended  to  significantly  higher  charge  states. 


TABLE  1 

Direct  and  indirect  ionization  peak  cross  sections  in  Mg-like  ions  (Ref*  15). 


Di rect 

Peak 

(10“^®  cm^) 

Indirect 

Peak 

(  10"  ^  ®  cm 2) 

Indirect/Direct 

Ratio 

A1+ 

75 

3.0 

0.04 

5“'+ 

5.0 

2.5 

0.5 

Cl  5+ 

2.5 

2.5 

1.0 

Ar®"*" 


2.0 


2.2 


1.1 
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3.  AUTO IONIZING  ION  BEAMS 

Attempts  to  extend  measurements  in  Che  Na  Isoelectronlc  sequence  to  higher 
cliarge  states*  however,  encountered  unexpected  difficulties.  Figure  4  shows 
the  background  measured  for  a  number  of  Na~like  ions.  This  background  is 
generally  dominated  by  ions  in  the  target  beam  which  have  lost  one  electron  in 
a  collision  with  the  residual  gas  in  the  main  chamber.  In  order  to  minimize 
this  effect,  the  ion  beam  is  charge-analyzed  just  before  the  interaction 
volume;  the  normal  background  rate  is  then  1-iO  counts/sec/particle  nA.  The 
dramatic  Increase  In  background  seen  in  Figure  4  with  increasing  charge  state 
has  been  determined  to  be  due  to  target  lone  which  leave  the  ion  source  in  one 
or  more  autolonizlng  metastable  state(a)  of  the  2p^  3s3p  configuration.  A 
crude  measurement  in  our  apparatus  indicates  a  mean  lifetime  in  the  1-10  micro- 
sec.  range  for  S^;  a  lifetime  very  much  longer  would  result  in  few  autoioniz- 
ing  events  in  our  Interaction  region,  while  states  with  much  shorter  lifetimes 
would  have  almost  all  decayed  before  reaching  our  charge-state  purifier.  Since 
the  lifetimes  of  these  states  are  predicted  to  become  shorter  with  increasing 
charge,  it  is  hoped  that  Ionization  of  even  higher-charged  Na-like  ions  will 
again  be  manageable.  Similar  spontaneous  autolonizlng  ion  beams  have  been 
observed  in  a  similar  apparatus  In  Belgium  (17)  and  they  confirm  that  their 
background  count  rate  is  lower  for  Ar^^.  Our  laboratory  is  also  considering 
experiments  which  could  take  advantage  of  these  unusual  autolonizlng  ion  beams. 


FIGURE  4 

Background  In  Ionization  measurements  on  Na-like  ions.  Autolonizlng  metastable 
ions  in  the  target  ion  beam  are  responsible  for  the  high  background  at  higher 
charge  states. 
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4.  MULTIPLE  IONIZATION 

The  number  of  physical  events  that  can  result  In  multiple  Ionization  Is  much 
greater  than  for  single  Ionization*  Excitation  or  removal  of  a  single  Inner 
electron  will  often  lead  to  multiple  Ionization  as  the  resulting  highly  excited 
ion  relaxes.  In  addition,  multiple  electron  processes  from  a  single  collision 
can  also  lead  to  further  autolonlzatlon  or  result  In  an  Ion  trapped  in  Its  ori¬ 
ginal  charge  state.  The  large  number  of  possibilities  means  that  considerable 
care  imist  be  given  to  studying  energy  levels  and  decay  paths  In  order  to  pre¬ 
dict  which  processes  will  be  Important  for  a  given  multiple  Ionization.  The 
relative  lack  of  experimental  data  and  the  difficulties  involved  In  calculating 
multielectron  processes  has  left  us  with  considerably  less  data  (both  theoreti¬ 
cal  and  experimental)  to  compare.  The  only  readily  available  theory  (18)  which 
can  be  applied  by  the  casual  user  is  based  on  binary  encounter  approximation 
(BEA),  and  It  is  not  immediately  clear  how  to  apply  even  this  theory  If  the 
user  wishes  to  take  subshells  into  account. 

As  an  example  of  recent  measurements  of  multiple  Ionization,  the  cross 
section  for  triple  Ionization  of  Xe^*^  is  shown  In  Figure  5.  This  measurement 
(19)  presents  a  rare  opportunity  to  observe  a  two-electron  process.  In  almost 
every  previous  multiple  Ionization  study,  the  complete  cross  section  curve 
could  be  explained  in  terms  of  single  electron  processes  which  result  in  final 
multiple  ionization.  Since  such  first-order  processes  are  expected  to  strongly 
dominate  over  multiple-electron  contributions,  it  is  difficult  to  compare  or 
isolate  the  two  effects.  Triple  ionization  of  Xe^***,  however,  can  only  occur 
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FIGURE  5 

Triple  ionization  of  (from  Ref.  19).  Ionization  in  the  energy  range  from 

374  to  670  eV  can  only  be  due  to  multiple-electron  excitation  or  ionization  in 
a  single  collision.  The  dashed  curve  is  the  sum  of  contributions  from  direct 
double  ionization  (Ref.  18)  and  direct  ionization  of  a  single,  inner-shell 
electron  (Ref.  12)  followed  by  autolonlzatlon. 
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due  to  a  oae*-electron  process  above  670  eV,  while  removal  of  three  electrons 
only  requires  374  eV.  The  dominant  contribution  to  triple  ionization  is 
expected  to  come  from  direct  ionization  of  a  single  3d  inner-shell  electron 
which  onsets  at  762  eV.  As  can  be  seen  from  Figure  5,  the  cross  section  onsets 
near  374  eV  (the  lowest  allowed  energy),  and  a  break,  in  the  slope  of  the  data 
can  be  seen  where  the  expected  direct  inner-shell  ionization  onsets.  If  the 
trend  of  the  low-energy  data  is  extended,  it  can  be  seen  that  the  peak  contri¬ 
butions  from  the  multiple-electron  and  single-electron  processes  are  approxi¬ 
mately  equal.  This  is  a  surprising  result  since  single  ionization  is  expected 
to  be  dominant.  The  dashed  curve  is  the  summed  result  of  double  direct  ioniza¬ 
tion  calculations  based  on  Gryzinski's  BEA  model  (18)  and  lotz  (12)  calcula¬ 
tions  for  direct  ionization  of  a  single  3d  electron.  Direct  double  ionization 
(followed  by  autoionization)  is  expected  to  be  the  dominant  contribution  in  the 
multiple-electron  region,  but  the  good  agreement  between  BEA  calculations  and 
experiment  are  considered  fortuitous  since  a  number  of  approximations  were 
necessary  to  adapt  the  BEA  theory  to  this  situation. 

Although  only  a  few  multiple  ionization  systems  have  been  studied  in  our 
laboratory,  the  new  ion  source  and  experimental  apparatus  will  make  such 
measurements  much  easier  and  systematic  studies  possible  in  the  future. 

Multiple  ionization  should  be  considered  an  important  part  of  total  ionization 
as  well  as  an  interesting  physical  process,  and  we  intend  to  carry  out  addi¬ 
tional  studies  in  the  future. 

5.  FUTURE  PLANS 

In  recent  years  we  have  ineasured  numerous  cross  section  curves  for  ions 
of  initial  charge  +2  through  +6,  almost  all  as  part  of  systematic  studies.  We 
plan  to  extend  measurements  to  higher  charge  states  using  the  new  capabilities 
of  the  ORNL-ECR  ion  source  and  the  improved  experimental  apparatus.  As  an 
example  of  the  possibilities  presented  by  this  combination.  Figure  6  shows  pre¬ 
liminary  measurements  of  single  Ionization  of  Fe^  which  were  collected  in  a 
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FIGURE  6 

Preliminary  measurements  of  electron  impact  ionization  of  Fe^  (Ref.  20). 

The  solid  curve  is  distorted-wave  theory  from  Younger  (Ref.  21).  Most  of  the 
target  ion  beam  is  apparently  in  a  metastable  state  about  100  eV  above  the 
ground  state. 
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few  hours  recently  (20).  Although  the  data  ate  not  final  and  complete  diagnos¬ 
tics  were  not  performed  as  Is  customary.  It  appears  that  the  Incident  ion  beam 
Is  mainly  trapped  In  a  metastable  level  approximately  100  eV  above  the  ground 
state.  This  measurement  typifies  the  new  capabilities  of  such  experiments, 
since  no  crossed  beams  data  has  been  published  for  Ions  of  Initial  charge  state 
greater  than  +6.  The  ECR  ion  source  produced  a  500  nA  beam  of  Fe^^  in  a 
recent  test,  so  that  It  appears  that  we  are  limited  In  charge  state  only  by  the 
current  experimental  apparatus,  which  was  designed  for  incident  ion  beams  up  to 
charge  +14, 

In  order  to  answer  the  needs  of  the  fusion  community,  our  measurements  will 
concentrate  In  the  near  future  on  metallic  Ions,  particularly  on  Fe  and  other 
likely  plasma  contaminants.  Some  multiple  ionization  studies  will  be  used  to 
complement  our  understanding  of  single  and  total  ionization.  Long  range  plans 
could  involve  analysis  of  the  direction  and/or  energy  of  scattered  (or  ejected) 
electrons.  Experiments  on  state-selected  Incident  Ion  beams  (or  state-analysis 
of  the  signal  ionized  Ions)  are  also  exciting  long-range  possibilities.  We 
Intend  to  continue  our  coordination  and  cooperation  with  other  laboratories 
Involved  in  similar  research,  and  we  will  continue  to  address  the  needs  of  the 
physics  community  in  general  and  of  the  fusion  community  in  particular, 
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1.  INTRODUCTION 

Inner-shell  excited  states  of  atoms  and  molecules  are  formed  when  an  inner- 
shell  electron  is  promoted  to  an  unoccupied  valence  or  Rydberg  orbital,  for 
example  the  excitation  of  a  2p  electron  in  argon  or  a  Is  atomic  electron  in  N,. 
This  excitation  can  be  induced  by  photoabsorption  or  by  charged  particle  impact. 
The  first  observation  of  a  molecular  inner-shell  excitation  (1)  used  a  brems- 
strahlung  continuum  source  to  investigate  x-ray  absorption  in  N-  and  other 
gases.  In  N-,  a  strong  absorption  peak  was  observed  to  occur  at  an  energy  of 
approximately  401eV,  9eV  below  that  of  the  K-shell  ionisation  energy,  and  this 
was  correctly  attributed  to  excitation  of  an  atomic  K-shell  electron  to  the 
first  unfilled  2p7r  orbital  of  the  molecule,  giving  the  configuration 
(1s^|h)'^2p7i)^;i.  More  recently,  for  example  (2),  synchrotron  radiation  has 
been  used  in  these  photoabsorption  studies.  These  inner-shell  transitions  can 
also  be  studied  by  electron  energy-loss  spectroscopy  and,  as  we  shall  see,  this 
technique  can  have  important  advantages  over  photoabsorption  measurements.  Van 
der  Wiel  et  al  (3),  used  the  electron  energy-loss  technique  and  observed  inner- 
shell  transitions  in  No  and  CO.  This  work  was  followed  by  a  systematic  and 
comprehensive  study  of^inner-shell  transitions  in  molecules  by  Brion  and  co- 
workers  using  the  electron  energy-loss  technique  at  an  energy  resolution  of 
approximately  0.5eV  (for  a  recent  review  see  (4)).  This  resolution  was  com¬ 
parable  to  or  better  than  that  obtainable  in  photoabsorption  measurements  using 
synchrotron  radiation  and  was  adequate  for  observing  the  more  prominent  energy- 
loss  peaks  and  for  studying  the  gross  features  associated  with  centrifugal  and 
other  barriers.  Subsequently  a  significant  improvement  in  resolution  was  ob¬ 
tained  by  the  Manchester  group,  for  example  (5,6),  who  obtained  a  resolution  of 
0.07eV  in  electron  energy-loss  measurements  in  a  number  of  atoms  and  molecules. 
These  latter  studies  illustrated  one  of  the  important  advantages  of  the  tech¬ 
nique,  namely  its  superior  resolution  to  photoabsorption  measurements  for 
state  excitation  energies  of  above  about  200eV.  This  allowed  a  full  investi¬ 
gation  of  the  parameters  of  inner-shell  states  including  their  energies, 
natural  widths,  and  in  the  case  of  molecules,  their  vibrational  spacings  and 
equilibrium  internuclear  separations.  An  example  of  what  can  be  observed  with 
the  electron  energy-loss  technique  at  high  resolution  (75meV)  is  shown  in 
figure  1,  King  et  al  (7).  The  vibrational  structure  of  the  ( Is )  (2pTr) 'n 
state  of  Np  is  clearly  visible.  The  energy  resolution  is  less  than  the  natural 
line  widths  of  the  peaks  which  was  deduced  to  be  0.123±.01eV  (8).  To  obtain 
the  same  resolution  in  a  conventional  absorption  spectrum  would  require  a 
spectral  resolution  of  0.0006nm  at  3.1nm  which  appears  to  be  unobtainable  at 
the  present  time. 

A  second  and  perhaps  more  important  advantage  of  electron  impact  excitation 
is  its  ability  to  induce  electric-dipole-forbidden  transitions.  This  can  occur 
when  the  value  of  the  incident  electron  energy  is  reduced  to  a  value  close  to 
the  excitation  energy  of  the  state,  when  optical  selection  rules  are  consider¬ 
ably  relaxed.  Recently  the  electron  energy-loss  technique  has  been  applied  for 
the  first  time  to  the  study  of  these  electric-dipole-forbidden  transitions. 
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FIGURE  1 

Vibrational  structure  of  the  electronic  state  of  Ng  formed  by  the  promotion  of 
an  atomic  Is  electron  to  the  first  unoccupied  valence  orbital  (Ep-r).  After  (7) 


Shaw  et  al  (8).  In  this  work  an  inner-shell  spin-forbidden  transition  in  N, 
and  a  parity-forbidden  transition  in  Ar  were  studied.  These  transitions  were 
observed  by  using  incident  electron  energies  as  low  as  1.15  times  the  excita¬ 
tion  energy  of  the  inner-shell  states.  Yet  another  advantage  of  electron  im¬ 
pact  excitation  is  that  energy-loss  scales  can  be  accurately  calibrated  by  di¬ 
rect  voltage  measurement.  This,  for  example,  enables  accurate  ionisation 
energies  to  be  established  by  observation  and  analysis  of  Rydberg  series. 

Values  of  inner-shell  ionisation  energies  obtained  from  high-resolution  energy- 
loss  studies  have  been  summarized  by  King  and  Read  (9).  A  comprehensive  bib¬ 
liography  of  all  the  experimental  (electron  energy-loss  and  photoabsorption) 
and  theoretical  studies  of  inner-shell  excitations  of  free  atoms  and  molecules 
has  been  given  by  Hitchcock  (10). 


2.  THE  TECHNIQUE  OF  ELECTRON  ENERGY  LOSS  SPECTROSCOPY 

In  this  technique  an  electron  beam  is  produced  and  energy  selected  to  pro¬ 
vide  a  well  defined  beam  with  an  energy  spread  of  typically  0.03  to  O.OSeV  and 
with  an  adjustable  energy.  This  ability  to  change  the  energy  of  the  incident 
electron  is  very  powerful  and  is  a  degree  of  freedom  not  available  in  photo¬ 
absorption  measurements.  The  electron  beam  is  passed  through  a  gas  cell  or 
beam  of  the  target  atoms  and  molecules,  and  those  electrons  that  are  inelasti- 
cally  scattered  through  a  small  angular  range,  usually  in  the  forward  direction 
are  analysed  in  energy,  again  with  a  resolution  of  typically  0.03  to  0.05eV. 

A  spectrum  is  thus  obtained  of  inelastical ly  scattered  electrons  versus  the 
amount  of  energy  they  have  lost.  The  peaks  in  the  energy-loss  spectrum  corres¬ 
pond  directly  to  the  energy  levels  of  the  target  gas. 

An  apparatus  used  in  some  recent  inner-shell  studies  (11)  is  shown  in  figure 
2.  It  consists  of  an  electron  spectrometer  and  utilises  180°  hemispherical 
electrostatic  deflectors  to  select  and  analyse  the  electron  energy.  Of  note  is 
the  use  of  two  hemispherical  deflectors  placed  in  tandem  in  the  electron 
energy  analyser.  This  arrangement  provides  very  efficient  rejection  of 
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FIGURE  2 

Schematic  diagram  of  a  high  resolution  electron  energy-loss  spectrometer. 


unwanted  scattered  electrons  which  is  an  important  consideration  since  the 
cross  sections  for  exciting  inner-shell  electrons  are  low.  Combinations  of 
triple-aperture  electrostatic  lenses  are  used  to  transport  and  focus  the  elec¬ 
tron  beam  'rom  the  electron  source,  a  directly  heated  tungsten  filament,  to 
the  energy  selector  and  from  the  selector  to  the  target  region  and  similarly 
through  the  analyser  section  of  the  spectrometer.  These  lenses  also  enable  the 
incident  energy  of  the  electrons  to  be  varied  over  the  range  50  to  ISOOeV. 

The  inner-shell  states  that  can  be  studied  most  usefully  with  an  energy 
resolution  of  O.OSeV  are  those  having  natural  decay  widths,  r,  that  are  in  the 
range  from  approximately  0.05  to  0..'’cV.  Many  states  having  a  vacancy  in  the 
sub-shell  immediately  below  the  valence  sub-shell  {for  example  a  vacancy  in  the 
3s  sub-shell  of  Ar)  have  values  of  r  in  this  range  as  do  most  states  having 
vacancies  in  the  next  lower  lying  sub-shell  or  full  shell  (for  example  a  2p 
vacancy  in  Ar).  Their  excitation  energies  are  typically  in  the  range  from  50 
to  500eV.  States  with  deeper  lying  vacancies  tend  to  have  natural  widths 
greater  than  0.2eV  and  are  therefore  better  studied  with  lower-resolution  tech¬ 
niques. 


3.  COMPARISON  BETWEEN  ELECTRON  IMPACT  AND  PHOTOABSORPTION  MEASUREMENTS 

At  high  values  of  incident  electron  energy  electron  impact  excitation  is 
analogous  to  photoabsor:'tion.  This  analogy  was  first  established  by  Bethe  (12) 
who  showed  that  for  fast  electrons  there  is  a  quantitative  relationship  between 
the  differential  electron  scattering  cross  section  and  the  gene-alised  oscil¬ 
lator  strength  fp(K)  (see  also  Inokuti  (13)). 

^  .  4k„  R  f„(K) 

En  ^ 

Here  Ti^,  hk  are  the  momenta  of  the  incident  and  scattered  electrons  respec¬ 
tively,  fik  is^the  momentum  transferred  to  the  target  atom  or  molecule,  R  is  the 
Rydberg  energy  and  E  is  the  excitation  energy.  Wlien  k^  is  small  compared  with 
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(where  a  is  the  Bohr  radius)  the  generalised  oscillator  strength  can  be 
expanded  in  pSwers  of  (see  also  (14)). 

f(K)  =  + .  (2) 

where  f°^^  is  the  familiar  optical  oscillator  strength.  The  second  and  higher 
terms  of  the  expansion  become  negligible  when  E  is  much  smaller  than  the  inci¬ 
dent  electron  energy  and  when  the  angle  of  scattering  is  small.  Then  the  elec¬ 
tron  scattering  cross  section  is  directly  related  to  the  optical  oscillator 
strength,  and  an  electron  energy-loss  spectrum  then  effectively  simulates  the 
photoabsorption  spectrum.  In  inner-shell  excitation  experiments  E  is  usually 
large  enough  that  linear  and  quadratic  terms  in  equation  (2)  cannot  be  ignored, 
and  then  the  electron  energy-loss  spectrum  contains  peaks  due  to  non-electric- 
dipole  transitions.  This  was  first  exploited  by  King  et  al  (6)  who  observed 
electric-quadrupole  transitions  in  Ar,  Kr  and  Xe.  The  effect  can  be  enhanced 
by  a  judicious  use  of  incident  election  energy  and  the  scattering  angle.  Thus 
electron  impact  excitation  can  excite  transitions  that  cannot  be  seen  with 
photoabsorption. 

A  further  process  that  is  possible  with  electron  impact  excitation  and  not 
photoabsorption  is  electron  exchange.  Thus  as  the  incident  electron  energy 
approaches  the  excitation  energy  of  the  state  it  becomes  possible  for  the  inci¬ 
dent  electron  and  the  target-  electron  to  exchange  places.  Singlet-to-triplet 
transitions  otherwise  electric-dipole-forbidden,  can  thus  be  excited. 


4.  HIGH  RESOLUTION  STUDIES  OF  ATOMS 

Early  studies  of  the  absorption  of  soft  x-rays  by  atoms,  in  particular  the 
rare  gases,  revealed  the  existence  of  structures  near  the  inner-shell  ionisa¬ 
tion  potentials,  arising  from  the  promotion  of  one  of  the  inner-shell  electrons 


FIGURE  3 

Energy-loss  spectrum  of  Ar  obtained  at  an  incident  electron  energy  of  l.SkeV 
and  with  a  resolution  of  65meV. 
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to  an  unfilled  orbital.  More  recently  King  et  al  (b)  studied  inner-shell  exci¬ 
tation  in  Ar,  Kr  and  Xe  using  electron  impact  excitation  at  high  resolution. 
Figure  3  shows  such  an  energy-loss  spectrum  in  Ar  obtained  at  an  incident  elec¬ 
tron  energy  of  l.SkeV  and  with  a  resolution  of  65meV.  The  ground  state  con¬ 
figuration  of  Ar  is  ls^2s^2p^3s^3p6  and  optically  allov/ed  transitions  of  a  2p 
electron  to  one  of  the  orbitals  ns(n>4)  and  nd(n>3)  are  observed.  A  weaker, 
parity-forbidden  transition  to  the  4p  orbital  is  also  seen  and  occurs  because 
the  selection  rules  are  sufficiently  relaxed  at  the  relatively  low  value  of 
incident  electron  energy  used. 

The  2p  hole  can  have  j  =  or  i/^  and  consequently  two  Rydberg  series  are 
observed  each  converging  to  one  of  these  two  states  of  the  ion.  The  ratio  of 
the  intensities  of  the  corresponding  peaks  in  the  two  series  is  observed  to  be 
approximately  equal  to  the  ratio  of  statistical  weights,  2j+l.  An  analysis  of 
the  energies  of  the  Rydberg  series  can  be  made  to  provide  very  accurate  values 
of  the  ‘‘P3/2,j/2  ionisation  potentials.  (The  energy  scale  of  the  spectrum  can 
be  directly  calibrated  against  the  As^Pj  and  As'Pj  states  of  neutral  Ar  using  a 
digital  voltmeter,  with  an  estimated  uncertainty  of  O.OleV.) 

Another  important  result  of  these  studies  is  that  the  accurate  measurement 
of  energies  of  optically  allowed  and  forbidden  transitions  in  Ar  (and  also  Kr 
and  Xe)  allowed  the  equivalent  core  model  to  be  tested  much  more  thoroughly 
than  was  previously  possible.  (In  the  equivalent  core  model  an  inner-shell 
electron  in  a  neutral  atom  of  nuclear  charge  Z  which  has  been  promoted  to  an 
outer  orbital  nl,  has  an  effective  quantum  number  n*  which  is  expected  to  be 
similar  to  the  effective  quantum  number  of  an  excited  nl  electron  in  the  neu¬ 
tral  atom  of  nuclear  charge  Z+1.)  The  result  of  the  test  is  that  the  model 
provides,  for  these  three  atoms  at  least,  an  accurate  and  reliable  means  of 
estimating  the  energies  of  inner-shell  excited  states. 

Another  result  of  the  work  is  the  accurate  measurement  of  the  widths  and 
lifetimes  of  the  inner-shell  excited  states;  that  for  argon  represents  the 
first  accurate  measurement  of  any  atomic  lifetime  in  this  range  of  excitation 
energy.  In  fact  very  little  experimental  data  of  any  kind  exist  on  the  life¬ 
time  of  x-ray  levels  in  this  range. 


5.  HIGH  RESOLUTION  STUDIES  OF  MOLECULES 

High  resolution  studies  of  inner-shell  excitation  in  molecules  provide  in¬ 
formation  similar  to  that  obtained  in  atoms  plus  further  information  that  is 
characteristic  of  molecules  onlv,  such  as  vibrational  spacings  and  intensities. 
Thus  as  well  as  being  able  to  obtain  excitation  energies,  relative  intensities 
and  natural  decay  widths,  potentie’  curves  can  be  deduced.  Another  difference 
concerns  the  equivalent-core  model;  for  inner-shell  excitation  of  atoms  the 
relevant  properties  of  the  equivalent-core  atom  are  invariably  already  known, 
whereas  for  inner-shell  excitation  of  molecules  the  equivalent-core  molecule 
usually  has  an  odd  number  of  electrons  and  does  not  exist  as  a  free  molecule. 
Simulating  this  molecule  by  inner-shell  excitation  can  therefore  provide  useful 
information  that  is  difficult  or  impossible  to  obtain  by  other  means.  In  this 
way  Shaw  et  al  (15)  were  able  to  obtain  valuable  information  about  ArCl. 

The  experimental  work  of  Brion  and  co-workers  (see  for  example  Wight  et  al 
(16))  shows  clearly  that  much  can  be  learned  about  the  fields  that  exist  within 
molecules  from  studies  of  the  promotion  of  atomic  inner-shell  electrons  to  un¬ 
filled  outer  molecular  orbitals  or  to  continuum  states  close  to  the  ionisation 
threshold.  The  relative  probabilities  with  which  the  available  bound  or  con¬ 
tinuum  states  can  be  reached,  either  by  photoabsorption  or  by  electron  impact 
excitation,  depend  partly  on  the  probability  with  which  an  electron  can  be 
ejected  with  the  necessary  energy  from  its  atomic  inner-shell,  but  more  impor¬ 
tantly  on  the  “focusing"  effect  of  the  molecular  field.  Dehmer  and  Dill  (17) 
have  discussed  these  points  in  full,  and  have  given  references  to  the  earlier 
experimental  and  theoretical  work,  in  connection  with  their  calculations  of  the 
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FIGURE  4 

Energy-loss  spectrum  of  CO,  obtained  at  an  incident  electron  energy  of  1.5keV 
and  with  a  resolution  of  55meV.  The  peaks  correspond  to  the  (ls.''c)'''(2pir)'2 
state  of  CO. 
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FIGURE  5 

Energy-loss  spectrum  of  CO  obtained  at  an  incident  electron  energy  of  l.SkeV 
and  with  a  resolution  of  65meV.  The  peaks  correspond  to  transitions  of  a  Iso 
carbon  electron  to  Rydberg  orbitals. 
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cross  section  for  photoabsorption  by  the  atonic  K  shell  electrons  of  N,. 

The  vibrational  structure  of  the  {Is)’*(2p7i)*n  state  of  N2  was  first  re¬ 
vealed  by  the  high-resolution  electron  energy-loss  studies  of  King  et  al  (7). 
Their  spectrum  is  shown  in  figure  1.  An  analysis  of  the  spectrum  reveals 
firstly  the  vibrational  parameters  ^  and  ux.  Information  about  the  mean  inter- 
nuclear  separation  R  in  the  inner-shell  excited  molecule  is  obtained  from  the 
relative  areas  of  the  vibrational  peaks  by  assuming  that  these  areas  are  pro¬ 
portional  to  the  Franck-Condon  overlap  integrals  Pv'v"  between  the  vibrational 
wavefunction  of  the  ground  vibrational  state  (v-0)  of  the  target  molecule  and 
the  vibrational  wavefunctions  of  inner-shell  excited  states  (v').  Recently 
Barth  and  Schirmer  (18)  have  calculated  the  energies  and  oscillator  strengths 
for  inner-shell  transitions  in  N,  and  have  obtained  good  agreement  with  the 
results  of  King  et  al  (7).  The  nigh  resolution  of  the  measurements  again  al¬ 
lows  the  natural  line  width  of  the  state  to  be  measured  (123±10meV)  and  hence 
the  mean  lifetime  to  be  deduced.  The  fact  that  the  lifetime  (=1i/r  =  5.10'*'s) 
of  the  state  is  approximately  one  third  as  long  as  the  classical  vibrational 
period  (=Ti/u  =  1.8xl0"*''s)  of  the  molecule  means  that  the  vibrational  wave- 
functions  are  not  those  of  stationary  states,  cf.  the  analysis  and  interpreta¬ 
tion  of  the  vibrational  structure  of  short  lived  negative  ion  resonances 
(Schulz(19)). 

As  discussed  above  the  high  resolution  studies  by  King  et  al  (6)  of  inner- 
shell  excited  states  of  Ar,  Kr  and  Xe  have  demonstrated  the  usefulness  of  the 
equivalent-core  model  for  these  states.  In  the  case  of  inner-shell  excited 
states  of  homonuclear  diatomic  molecules  however  an  ambiguity  exists  in  the 
definition  of  the  equivalent-core  molecule,  depending  on  whether  the  inner- 
shell  hole  is  regarded  as  being  localised  or  delocalised  (e.g.  Cederbaum  and 
Oomcke  (20),  Lozes  et  al  (21),  Outta  and  Huang  (22)).  For  example,  if_the 
inner-shell  hole  of  is  delocalised  (having  the  configuration  Isog'^  or 
Iscu'^)  the  "core"  can  be  taken  to  be  the  two  nitrogen  nuclei  and  the  three 
accompanying  Is  electrons,  which  is  thus  approximately  equivalent  to  two  sepa¬ 
rated  charges  of  magnitude  5.5  each,  but  if  the  inner-shell  hole  is  localised 
in  the  vicinity  of  one  of  the  nuclei  (having  the  configuration  Is*^)  then  this 
nucleus  and  its  single  Is  electron  has  a  total  charge  of  6  while  the  core 
charge  at  the  other  centre  is  5.  Thus  for  a  localised  hole  the  outer  electrons 
of  the  molecule  move  in  a  mean  electrostatic  potential  similar  to  that  of  the 
outer  electrons  of  the  neutral  NO  molecule,  which  is  thus  the  "equivalent-core 
molecule".  Assuming  complete  localisation  and  ignoring  the  effects  of  exchange 
interaction,  the  values  of  u-,  ux  and  Rq  deduced  for  the  N2(ls)~^(2p^)  state 
should  be  similar  to  those  of  the  ground  electronic  state  of  NO.  King  et  al 
(7)  found  that  there  is  indeed  a  close  similarity  between  the  two  sets  of  para¬ 
meters.  This  similarity  also  extends,  despite  the  existence  of  the  singlet- 
triplet  splitting,  to  the  binding  energies  of  the  states  with  respect  to  their 
ionisation  limits,  as  noted  by  Wight  et  al  (16).  It  is  interesting  to  note 
that  although  the  lifetime  appears  to  be  short  enough  for  the  vacancy  to  remain 
localised  and  for  the  NO  equivalent-core  model  to  have  some  validity,  it  is 
nevertheless  long  enough  to  support  a  discrete  vibrational  structure  for  the 
N2^*  molecule. 

Inner-shell  excitation  has  been  studied  in  a  number  of  other  molecules,  in¬ 
cluding  diatomics  and  polyatomics,  see  for  example  (9)  and  references  therein. 
Both  the  low  lying  and  usually  intense  valence  states  have  been  studied  as  well 
as  the  higher  lying  Rydberg  states.  Energy-loss  spectra  of  CO  corresponding  to 
the  excitation  of  a  Iso  carbon  electron  are  shown  in  figures  4  and  5.  Figure 
4  shows  the  vibrational  structure  observed  when  the  Iso  carbon  electron  is  pro¬ 
moted  to  the  first  unfilled  valence  orbital  2pir  and  exhibits  a  resolution  of 
55meV.  The  oscillator  strength  for  this  transition  is  exceptionally  high  due 
to  the  fact  that  the  2pTi  orbital  is  highly  localised  since  it  is  confined  to 
the  vicinity  of  the  molecular  core  by  a  centrifugal  barrier  in  its  d-wave  com¬ 
ponent,  (17).  Figure  5  shows  excitation  of  a  Iso  carbon  electron  into  Rydberg 
orbitals  of  CO  below  the  Iso  ionisation  potential  and  illustrates  the  high 
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sensitivity  of  the  technique. 


6.  THE  OBSERVATION  OF  ELECTRIC-DIPOLE-FORBIDDEN  INNER-SHELL  TRANSITIONS 

At  sufficiently  high  values  of  incident  energy,  electron-impact  excitation 
is  analogous  to  photoabsorption  and  so  optical  selection  rules  apply.  However 
at  low  values  of  incident  electron  energy  (comparable  to  the  excitation  energy 
of  the  target  state),  these  selection  rules  are  considerably  relaxed,  and  then 
electron-impact  excitation  has  the  great  advantage  that  it  is  able  to  induce 
electric-dipole-forbidden  transitions.  This  advantage  is  potentially  more 
powerful  than  that  of  having  superior  resolution  at  high  values  of  state  exci¬ 
tation  energies,  but  it  has  only  recently  been  exploited,  when  inner-shell 
electric-dipole  transitions  were  observed  in  the  rare  gases  by  King  et  al  (6). 
More  recently  Shaw  et  al  (8)  have  made  a  systematic  study  of  the  parity- 
forbidden  2p-*-4p  transitions  in  Ar  and  of  an  inner-shell  spin-forbidden  transi¬ 
tion  in  N^.  The  results  of  Shaw  et  al  in  Ar  are  shown  in  figure  6.  The  peaks 
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FIGURE  6 

Energy-loss  spectra  of  Ar,  obtained  at  the  indicated  values  of  incident  elec¬ 
tron  energy,  and  with  an  energy  resolution  of  65raeV. 


in  the  spectra  correspond  to  the  promotion  of  a  2P3/2  or  2pi/2  electron  to  an 
unoccupied  Rydberg  orbital.  The  features  observed  in  the  ISOOeV  incident  ener¬ 
gy  spectrum  are  similar  to  those  described  by  King  et  al  (6).  The  major  point 
of  note  is  the  dramatic  rise  in  the  intensity  of  the  electric-dipole-forbidden 
2p-*4p  transition  relative  to  the  optically-allowed  transitions  as  the  incident 
electron  energy  is  reduced.  The  observed  peak  will  correspond  to  several  dif¬ 
ferent  J  values  that  will  be  separated  by  spin  orbit  and  electrostatic  terms 
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FIGURE  7 

The  dependence  of  the  ratio  of  intensities  of  the  observed  peaks  corresponding 
to  the  transitions  2p-4p  (parity-forbidden)  and  2p^4s  (electric-dipole  allowed) 
on  the  dimensionless  quantity  KaQ,  when  fiK  is  the  momentum  transfer  and  Bq  is 
the  Bohr  radius. 


but  Shaw  et  al  (8)  estimated  that  these  splittings  are  small  compared  to  the 
natural  line  widths  of  the  states  and  the  finite  resolution  of  the  experiments. 

The  ratio  of  the  observed  intensities  of  the  2p3/2-4p  and  2p3/2  4s  transi¬ 
tions  is  displayed  in  figure  7  as  a  function  of  the  dimensionless  quantity  Kap, 
where  tiK  is  the  momentum  transferred  to  the  atom  by  an  electron  scattered  in 
the  forward  direction  and  a^  is  the  Bohr  radius.  From  the  figure  it  may  be 
seen  that  the  intensity  ratio  is  approximately  proportional  to  k2.  From  the 
Born  approximation  which  gives  the  leading  power  of  K  in  an  expansion  of  the 
differential  cross  section  it  may  be  found  that  the  J=0  and  J=2  levels  of  the 
(2p)/2)"Mp  configuration  have  differential  cross  sections  proportional  to  KO 
corresponding  to  electric-quadrupole  transitions.  Further,  the  ratio  of  the 
cross  section  to  that  of  the  (2p3/2)-'4s  level  should  be  proportional  to  k2  at 
sufficiently  high  energies.  This  is  in  fact  approximately  the  observed  depend¬ 
ence  although  the  Born  approximation  may  apply  only  poorly  at  the  incident 
energies  used  in  the  work  of  Shaw  et  al .  Recently  Shaw  et  al  (23)  have  in¬ 
vestigated  inner-shell  transitions  near  the  N-edge  of  Xe  and  have  been  able  to 
resolve  individual  J  levels  and  measure  their  relative  cross  sections  as  a 
function  of  incident  electron  energy. 

Electron  energy-loss  spectra  obtained  in  (Shaw  et  al  (8))  are  shown  in 
figure  8.  The  high  energy  feature  corresponds  to  excitation  of  the 
(ls)-'(2pTi)*n  state  of  No  and  at  incident  energies  above  about  lOOOeV  it  is  the 
only  structure  observed  Tn  this  region.  As  the  incident  energy  is  reduced, 
however,  a  low  energy  structure  becomes  evident  and  at  the  lowest  values  of 
incident  energy  used,  becomes  dominant.  This  structure  corresponds  to  the  pro¬ 
motion  of  a  Is  nitrogen  electron  to  the  Bpw  orbital  to  give  the  (ls)“’(2pii)^n 
state  of  H^.  The  spectra  are  the  first  observation  of  an  inner-shell  singlet- 
to- triplet^ transit! on. 


224 


G  C.  King 


FIGURE  8 

Energy-loss  spectra  of  N2.  obtained  at  the  indicated  values  of  incident  elec¬ 
tron  energy,  and  with  a  resolution  of  65meV.  The  lower-  and  higher-energy 
vibrational  structures  correspond  to  excitation  of  the  (Is)'^  (iT2p)^n  and 
(ls)~'(ii2p)in  states  of  N2  respectively. 


The  work  of  Shaw  et  al  (8)  also  gives  information  about  whether  the  Is  hole 
is  localised  at  the  site  of  one  of  the  nitrogen  nuclei.  If  the  hole  is  de¬ 
localised  then  u-g  symmetry  is  appropriate  and  a  u-g  splitting  in  energy  would 
be  expected.  Rescigno  and  Orel  (24),  for  example,  have  calculated  this  split¬ 
ting  to  be  0.06eV.  The  lsoy»2p-ng  transition  would  be  electric-dipole  allowed 
while  the  lsiig*2p7rg  transition  would  be  electric-dipole  forbidden.  In  the 
earlier  work  on  the  (ls)*’{2pii)'li  state  of  N2  King  et  al  (7)  did  not  see  any 
evidence  of  the  occurrence  of  two  closely  lying  states,  although  the  predicted 
splitting  is  smaller  than  the  natural  widths  of  the  states  (123meV)  and  the 
finite  resolution  of  the  measurements  (75meV)  would  have  made  such  a  splitting 
difficult  to  discern.  In  the  work  of  Shaw  et  al  (8)  however,  an  enhancement 
of  electric-dipole-forbidden  transitions  (as  predicted  by  Rescigno  and  Orel) 
might  be  expected  since  it  was  possible  to  achieve  a  large  value  of  momentum 
transfer,  increasing  from  1.65au  at  1300eV  incident  electron  energy  to  3.73au 
at  460eV.  This  enhancement  might  lead,  for  example,  to  a  change  in  the  rela¬ 
tive  areas  of  the  vibrational  levels,  or  to  changes  in  the  peak  energies  or 
widths.  However,  within  the  limited  statistical  accuracy  of  the  measurements 
it  was  not  possible  to  detect  any  changes  of  this  type. 

Shaw  et  al  have  observed  electric-dipole-forbidden  transitions  in  a  number 
of  other  molecules,  including  CO  (11).  Here  they  found  a  ( Isoc)'' (2ptt)' 
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singlet-tnplet  splitting  which  has  a  value  of  1.46eV.  Firstly  this  is  quite 
different  to  the  singlet-triplet  splitting  of  the  analogous  inner-shell  states 
of  N2,  which  is  isoelectronic  with  CO  and  which  has  the  same  equivalent  core 
molecule.  Presumably  this  occurs  because  the  Is  hole  has  a  smaller  radius  in 
the  nitrogen  atom  than  it  has  in  the  carbon  atom.  Consequently  the  overlap 
between  the  hole  and  the  excited  Ppn  orbital,  the  latter  being  the  same  in 
both  cases,  will  differ,  resulting  in  a  smaller  exchange  interaction  in  N^. 
Secondly  the  splitting  gives  a  direct  measure  of  K,  the  exchange  integral  for 
the  inner-shell  Is  hole  orbital  and  the  2pii  orbital  since  K  is  equal  to  half 
the  singlet- triplet  splitting.  The  measured  value  of  1 .46eV  compares  with  the 
theoretical  value  of  1.29eV  (18). 

The  energies  of  the  singlet  and  triplet  (ls)'^(2pir)  states  of  N2  and  CO  can 
be  used  to  calculate  the  weighted  mean  energy  of  the  (ls)'‘(2p!i)  configuration 
of  each  molecule,  and  hence  to  calculate  the  mean  binding  energy  of  this  con¬ 
figuration  with  respect  to  the  ion  core  configuration  (ls)~*.  This  mean  bind¬ 
ing  energy  is  found  to  be  the  same,  9.69eV,  for  both  molecules.  This  appears 
to  indicate  that  the  ion  core  N2^'''  and  CK+0  provide  the  same  environment  for 
the  2p7t  electron,  as  they  would  in  the  equivalent-core  model  since  they  are 
then  both  equivalent  to  NO'*'. 
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An  intense  (4x10^  s"*),  low  energy  (»1.0  eV),  monoenergetic  (aE  =  75  meV) 
beam  of  positrons  has  been  built  at  the  Brookhaven  National  Laboratory. 

This  flux  is  more  than  10  times  greater  than  any  existing  beam  from  radio¬ 
active  sources.  Plans  are  underway  to  increase  further  the  flux  by  more 
than  an  order  of  magnitude.  The  intense  low  energy  positron  beam  is  made 
by  utilizing  the  High  Flux  Beam  Reactor  at  Brookhaven  to  produce  the  isotope 
‘’\u  with  an  activity  of  40  curies  of  positrons.  Source  moderation  tech¬ 
niques  are  utilized  to  produce  the  low  energy  positron  beam  from  the  high 
energy  positrons  emitted  from  ’’’’Cu. 


1.  INTRODUCTION 

Since  the  discovery  of  the  positron  almost  half  a  century  ago,  the  number  of 
experiments  using  these  particles  has  expanded  at  an  ever  increasing  rate. 

Very  few  studies  using  low  energy  positrons  were  possible  at  first,  but  after 
the  early  1950's  a  number  of  interesting  and  promising  measurements  in  this  en¬ 
ergy  range  were  made.(l)  The  discovery  of  positronium  (Ps)  opened  a  new  regime 
of  atomic  physics  in  which  purely  leptonic  systems  could  be  studied;  many  of 
the  measurements  made  in  the  decade  thereafter  were  of  the  properties  of  this 
atom. (2)  Not  long  to  follow,  however,  were  the  first  of  many  studies  of  the 
properties  of  solids  using  positrons  as  probes. (3)  By  measuring  the  shift  in 
energy  or  angle  of  the  gamma  rays  produced  by  positron  annihilation  (with  re¬ 
spect  to  those  produced  in  the  center  of  momentum  frame  of  the  positron  and 
electron),  or  by  measuring  the  lifetime  prior  to  annihilation  of  positrons  in 
materials,  many  characteristics  of  the  solids  could  be  obtained.  A  particular 
advance  in  this  field  came  when  positrons  were  shown  to  be  sensitive  to  the 
presence  of  many  types  of  lattice  defects  in  sol  ids. (4-5) 

While  many  varied  studies  were  performed  during  this  period,  the  full  cap¬ 
abilities  of  positrons  remained  to  be  realized.  The  necessary  key  was  the  dis¬ 
covery  of  the  reemission  of  positrons  from  certain  materials  at  energies  of 
only  a  few  electron  volts. (6)  This  was  the  discovery  necessary  to  permit  the 
construction  of  relatively  intense,  narrow  energy  width,  variable  energy  posi¬ 
tron  beams.  Many  of  the  essential  ideas  behind  reemission  were  described  as 
early  as  1950  (1)  and  reemission  was  first  seen  in  1958,(7)  but  it  was  not 
until  the  mid-1970's  that  the  first  practical  slow  positron  beams  began  to  be 
constructed. (8-10)  To  this  day,  much  work  continues  to  be  done  to  improve  both 
the  beam  optical  designs  and  the  energy  moderation  efficiencies. 

The  beams  currently  in  use  can  be  classified  based  both  on  the  source  of  the 
positrons  and  the  type  of  moderator  employed,  and  on  the  method  used  to  trans- 
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port  the  slow  positrons  thus  produced.  Common  positron  sources  are  the  iso¬ 
topes  ^®Co,  ^^Na,  and  “c,  the  former  two  being  obtained  commercially  in  puri¬ 
fied  form  and  the  latter  being  produced  directly  from  irradiated  by  pro¬ 
tons.  (10)  Very  promising  results  have  also  been  reported  in  producing  slow 
positrons  from  the  positron-electron  showers  produced  by  the  beams  of  electron 
linacs.(ll)  A  beam  has  been  constructed  at  BNL  using  the  isotope  ^“*00  which 
can  be  produced  in  large  quantities  from  ®^Cu  by  thermal  neutron  capture  in  the 
BNL  High  Flux  Beam  Reactor.  The  design  of  this  beam  has  been  discussed  in 
Ref.  12. 

Many  different  materials  and  designs  have  been  employed  as  positron  modera¬ 
tors.  Successful  B  and  Au  moderators  were  described  several  years  ago  (6,7,10) 
and  considerable  success  was  reported  using  various  metal  foils  coated  with  a 
layer  of  MgO  powder. (8, 9, 13, 14)  To  date,  however,  the  best  moderators  in  com¬ 
mon  use  have  been  clean  single  crystal  samples  of  Cu  and  Ni  as  well  as  such 
crystals  with  submonolayer  S  coatings. (15, 16)  Polycrystalline  W  has  also  been 
used  as  a  moderator,  especially  in  low  vacuum  environments  where  clean  surfaces 
are  not  possible, (17-18)  and  there  are  new  results  indicating  that  clean  single 
crystal  W  or  W  with  a  thin  epitaxial  layer  of  Cu  at  the  surface  may  be  the  best 
yet. (19)  In  the  high  flux  beam,  we  make  use  of  the  abilities  of  Cu  as  a  moder¬ 
ator  to  produce  a  self-moderating  single  crystal  ^'*Cu  source. 

2.  CHARACTERISTICS  OF  THE  BEAM 

The  self-moderator  ^'*Cu  source  consists  of  ‘’^Cu  and  ^‘*Cu  atoms,  and  it 
should  be  a  single  crystal  to  prevent  positrons  from  being  trapped  in  voids  or 
defects  and  hence  not  diffusing  back  to  the  surface  of  the  copper.  Typically  a 
250mg  high  purity  copper  pellet  in  an  aluminum  container  is  placed  in  the  core 
of  the  High  Flux  Beam  Reactor  for  a  period  of  two  days  where  it  attains  an  ac¬ 
tivity  of  200  curies,  19%  of  the  disintegrations  are  in  the  positron  emission 
channel.  It  is  then  removed  from  the  container,  and  by  means  of  an  airlock  it 
is  brought  from  atmospheric  pressure  to  a  pressure  of  10"^°  Torr,  and  guided 
through  a  tube  into  a  wire  basket  with  an  alumina  insert.  The  pellet  is  then 
evaporated  onto  a  W(llO)  crystal  substrate  where  Cu(lll)  is  grown  epitaxial¬ 
ly. (20)  The  copper  crystal  on  the  tungsten  substrate  is  annealed  and  treated 
with  H2S  to  improve  the  moderator  efficiency.  Annealing  improves  the  moderator 
efficiency  by  one  order  of  magnitude 
and  putting  sulfur  on  the  surface  im¬ 
proves  it  another  20%.  The  copper 
coated  tungsten  then  is  rotated  so 
that  its  face  is  perpendicular  to  the 
beam  line.  The  positrons  emanating 
from  the  copper  crystal  are  energy 
analyzed  by  two  fxB  plates  and  guided 
magnetically  down  a  beam  tube  into  the 
target  chamber.  Figure  1  shows  the 
interior  of  the  source  chamber.  The 
source  chamber  and  the  first  fx5  anal¬ 
yzer  are  located  inside  an  88  ton  block 
house  which  is  capable  of  providing 
radiation  shielding  for  a  10,000  Ci 
gamma  ray  source.  The  second  fxff  anal¬ 
yzer  and  target  chamber  are  located 
outside  the  blockhouse. 


Fig.  1  Schematic  representation 
of  source  chamber  (not  to  scale). 
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3.  CHARACTERISTICS  OF  THE  SOURCE 

The  amount  of  positron  activity  from  the  copper  pellet  as  a  function  of  the 
time  the  pellet  is  in  the  core  of  the  reactor  is  shown  in  Fig.  2.  An  advantage 
of  the  production  of  the  source  by  the  reactor  is  that  it  does  not  interrupt  or 
disturb  any  work  performed  by  other  reactor  users  who  mainly  use  it  for  neutron 
scattering.  It  is  a  completely  parasitic  operation.  Another  advantage  is  that 
the  half  life  of  ^‘‘Cu  is  12.8  hours,  thus  after  several  half  lives  the  radia¬ 
tion  level  in  the  block  house  is  low  enough  for  a  person  to  enter  it,  and  pro¬ 
vide  maintenance  work  on  the  source  preparation  chamber.  Due  to  the  high  radi¬ 
ation  level  when  the  copper  pellet  is  first  put  into  the  blockhouse  from  the 
reactor  all  operations  must  be  remote  controlled  outside  of  it,  e.g,  radiation 
sensors,  video  cameras,  valves,  and  the  removal  of  the  pellet  from  its  con¬ 
tainer. 

Figure  3  shows  the  large  number  of  interactions  which  can  occur  when  a  beam 
of  high  energy  positrons  impinges  on  a  metal  surface.  The  positrons  which 
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Fig.  2  The  calculated  dependence  of  Fig.  3  Various  interactions  result- 
the  positron  activity  of  the  source  ing  from  a  positron  beam  striking  a 

on  the  time  the  copper  pellet  is  in  surface  (from  Ref.  21). 

the  reactor  core. 


penetrate  the  surface  rapidly  thermalize  in  10"*^  sec  by  undergoing  inelastic 
scattering  with  core  electrons,  and  then  with  plasmons  and  phonons  in  the  met¬ 
al.  Approximately  lO'^-lO'**  of  the  fast  positrons  which  impinge  upon  the  sur¬ 
face  are  emitted  as  moderated  positrons  with  about  an  eV  of  energy  and  with  an 
energy  spread  of  75  meV  at  room  temperature  or  24  meV  at  23'’K,(22)  This  result 
which  appears  to  hold  for  all  metals  which  emit  slow  positrons  is  shown  in 
Figure  4  for  Ni(lOO).  The  slow  positrons  also  are  emitted  essentially  normal 
to  the  surface-  For  example,  for  clean  Cu(lll)  the  angular  spread  is  AerWHli 
=  24“  at  a  temperature  of  300K  and  AepvjnH  =  18°  at  23K.(22) 

In  Figure  5  the  calculated  efficiency  of  the  copper  moderator  is  plotted  as 
a  function  of  its  thickness.  It  is  evident  from  this  figure  that  one  should 
use  thin  moderators.  However,  this  reduces  the  source  activity  and  hence  the 
number  of  slow  positrons.  A  more  useful  quantity  is  the  product  of  efficiency 
and  thickness  vs.  thickness.  This  is  shown  in  Figure  6.  The  Iwer  curve  shows 
the  contribution  due  to  backscattering  of  the  positrons  from  the  tungsten  sub¬ 
strate  and  the  upper  curve  shows  the  contribution  due  to  both  backscattering 
and  forward  scattering  of  the  positrons  in  the  moderator. 

We  have  recently  installed  a  10,000A  thick  W(IOO)  film  in  front  of  the  cop¬ 
per  crystal  to  provide  transmission  moderation  of  the  high  energy  positrons 
emanating  from  the  copper. (23)  The  tungsten  film  can  be  rotated  either  into 
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Fig.  4  Peak  normalized  reemitted  posi¬ 
tron  intensity  versus  positron  kinetic 
energy.  Curve  (b)  is  the  elastic  peak 
for  Ni(lOO)  at  a  temperature  of  300K, 
curve  (a)  is  at  23K.  Taken  from  Ref.  22 


Fig,  5  Calculated  efficiency  of 
the  copper  moderator  versus  its 
thickness. 


the  beam  line  or  out  of  it  by  remote  control.  However,  preliminary  tests  indi¬ 
cate  there  was  a  20%  reduction  in  the  number  of  slow  positrons  from  the  number 
obtained  by  using  the  copper  crystal  as  a  source  and  moderator, 

4,  POSSIBLE  IMPROVEMENTS  OF  THE  PERFORMANCE  OF  THE  BEAM 

One  of  the  obvious  improvements  is  to  employ  the  concept  of  brightness  en¬ 
hancement  first  proposed  by  Mills. (24-26)  This  would  reduce  the  beam  size  from 
its  present  size,  one  cm^  to  a  very  small  cross  sectional  area,  depending  upon 
the  number  of  remoderation  stages.  Another  would  be  to  evaporate  the  copper  on 
a  tungsten  substrate  of  much  larger  area,  the-eby  producing  many  more  positrons 
and  then  use  brightness  enhancement  to  reduce  the  beam  size.  A  third  would  not 
use  the  moderating  properties  of  copper  and  instead  use  a  tungsten  film  as  a 
transmission  moderator  and  thereby  eliminate  the  need  to  grow  a  copper  crys¬ 
tal.  A  fourth  would  be  to  enrich  the  copper  crystal  with  '’''Cu  relative  to  *’^Cu 
by  means  of  a  mass  analyzer,  thereby  achieving  as  much  as  three  orders  of  mag¬ 
nitude  improvement  in  beam  intensity.  Lastly  to  make  a  better  copper  crystal 
to  increase  its  effeciency  as  a  moderator. 

5,  AN  EXAMPLE  OF  THE  INITIAL  RESEARCH  PERFORMED  WITH  THE  BEAM 

The  beam  was  first  used  by  K.  G.  Lynn,  A.  P,  Mills,  Jr.,  R.  N.  West,  S. 
Berko,  K.  F,  Canter,  and  L.  0,  Roellig  to  obtain  a  measurement  of  the  two- 
dimensional  angular  correlation  of  the  2y  annihilation  radiation  from  a  clean 
AUlOO)  surface. (27)  It  showed  there  was  a  significant  difference  in  the  angu¬ 
lar  correlation  of  annihilation  radiation  between  positrons  annihilating  in  the 
bulk  of  the  sample  and  on  its  surface.  (See  Fig.  7.)  The  data  also  did  not 
Support  two  prevailing  models  of  positrons  annihilating  on  the  surface  of  a 
metal;  the  model  of  a  positron  bound  in  its  "image-correlation-potential " 
well(28)  and  the  picture  of  a  weakly  bound  positronium  atom  (Ps)  where  the 
parallel  motion  would  be  thermal  and  the  perpendicular  motion  would  be  associ¬ 
ated  with  the  0.5  eV  Ps  binding  energy  to  the  surface. (29) 

6,  APPLICATIONS  TO  ATOMIC  PHYSICS 

It  is  obvious  that  an  intense  monoenergetic  beam  is  useful  for  certain  types 
of  experiments,  e.g,  measurement  of  differential  scattering  cross  sections. 


Intense,  Low  Energy.  Monoenergetic  Positron  Beam 
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Fig.  6  Calculated  product  of  efficiency 
and  thickness  of  the  copper  moderator 
versus  its  thickness.  The  lower  curve 
shows  the  contrioution  due  to  backscat- 
tering  and  the  upper  curve  shows  the 
contribution  due  to  both  backscattering 
and  forward  scattering. 


p  . 


Fig.  7  One-dimensional  projections 
of  the  angular  correlation  of  anni¬ 
hilation  radiation  spectra  for 
momentum  parallel  and  perpendicular 
to  the  surface.  The  three  spectra 
for  positrons  annihilation  on  the 
surface  and  in  the  bulk  have  been 
normalized  to  equal  peak  heights. 
See  Ref.  27. 


measurement  of  positron-atom  cross  sections  which  may  be  small,  or  for  those 
experiments  requiring  a  narrow  energy  width,  e.g.  measuring  the  ionization 
threshold  cross  section  for  atoms. 

Presently  at  Brookhaven  a  Ps  beam  line  is  under  construction  by  S.  Berko, 

B.  L.  Brown,  K,  F.  Canter,  K.  G.  Lynn,  A.  P,  Mills,  Jr.,  L.  0.  Roellig,  and  M. 
Weber,  for  the  purpose  of  observing  Ps  diffraction,  but  will  also  be  used  for 
measuring  Ps-atom  scattering  cross-sections. (30)  The  positron  beam  will  be 
transmitted  through  a  relatively  high  density  He  cell  (10*^  Torr)  which  is  dif¬ 
ferentially  pumped  at  both  ends.  Positronium  is  formed  by  the  positron  captur¬ 
ing  an  electron  from  the  helium  atom.  This  method  has  been  calculated  to  yield 
a  monoenergetic  positronium  beam  with  an  angular  spread  of  “20®  FWHM  and  an  ef¬ 
ficiency  for  a  5”  cone  of  Ps  of  1.3%  for  50  eV  positrons  and  0.7%  for  80  eV 
positrons. (31 ) 
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Positrons  ionize  helium  atoms  either  by  charge  exchange  leading  to  posi- 
tronium  (Ps)  or  by  impact  ionization.  From  a  gas  target  in  form  of  a 
long  thin  tube  with  longitudinal  man-  cic  guiding  and  electric  extraction 
fields  positrons  and  ions  are  •  .racted.  mass  separated  and  detected. 
Relative  cross  sections,  normalized  at  high  energies  to  the 
electron-impact  ionization  cross  section,  are  obtained  for  the  sum  of 
positronium-formation  and  impact-ionization  cross  section  ^by  detecting 
all  extracted  ions  and  for  the  ionization  cross  section  Oj^  without  Ps 
formation  by  detecting  only  those  ions  which  are  time-correlated  to  a 
positron.  The  Ps-formation  cross  section  is  then  given  by  the 
difference  of  the  two  measurements .  Our  results  for  Op^  confirm  the 
measurements  made  at  the  University  of  Texas.  Arlington.  The  tnree  par¬ 
tial  cross  sections  Op  ,  o  and  o  (for  electron- impact  ionization! 
peak  at  35.  95  and  l5o  ev®''respe<.'tivel^j  an^  have  respective  cross  sec¬ 
tion  maxima  of  0.39,  0.15  and  0.9T  x  10  cm  . 


I.  INTROOUCTION 

The  positron- impact  ionization  proceeds  via  two  reaction  channels,  the 
positronium  formation  (cross  section  Op^)  and  the  ionization  with  three  outgo¬ 
ing  particles  ( o,  I : 

I  on 

He  ♦  e*  -•  He*  •  Ps 

♦  -  ♦ 

-•He  *6  ♦  e 

The  threshold  for  Ps  formation  lies  at  IT. 8  eV,  6.8  eV  below  the  ionization 
energy^  of  21.6  eV.  Recently,  several  methods  were  developed  for  measuring  Op^ 

and  o.  The  results  obtained  thus  far  are  controversial,  in  particular  in 
Ion 

case  ot  Op  in  whxch  the  results  of  a  3'v-coincidence  eMperiment  (1)  are  sub¬ 
stantially  smaller  than  those  of  a  posltron^transmission  enperiment  (2.3).  The 
latter  one  was  eKtended  for  measuring  o  by  employing  electron  detection; 
the  ionization  cross  sections  obtained  in  this  way  (4)  are  larger  than  o 
whereas  those  measured  by  means  of  a  time-of -flight  retarding-potential  mctood 

(5)  are  very  close  to  o. 

lon 

We  developed  an  apparatus  in  which  the  positrons  and  the  ions  are  extracted 
from  the  gas  target  and.  after  mass  separation,  detected  separately.  This 
method  yields  relative  values  of  o^^  *  °lon  normalized  to  litera¬ 
ture  values  of  high  energies.  In  addition,  the  measurement  of  ions 

in  time  correlation  with  positrons  yields  relative  values  of  o  which  can  be 

normalized  in  the  same  way.  The  difference  of  both  measurements'^gives  o^  . 

Ps 
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2.  METHOD  OF  MEASUREMENT 

The  layout  of  the  experiment  is  shown  in  Fig.  1. 


^CSi t  ron 

source 


i 


u:oe'■a^ 


or 


FIGURE  I 

Apparatus  for  measuring  relative  positronium 
formation  and  ionization  cross  sections 


2 . t .  Gas  target 

The  target  cell  consists  of  a  long  thin  glass  tube  (length  50  cm,  inside 
diameter  1  cm)  with  gas  inlet  in  the  middle  and  differential  pumping  at  both 
ends.  The  tube's  large  fjow  resistance  malces  it  possible  to  have  a  high  gas 
pressure  of  c^ose  to  10  Torr  in  the  middle  together  with  a  small  gas  flow  of 
only  about  10  Torr  1/s,  convenient  for  differential  pumping.  For  bacltground 
measurements  the  gas  flow  is  directed  to  both  tube  ends.  Because  of  the  unk¬ 
nown  ion-extraction  efficiency  the  apparatus  is  not  yet  suitable  for  absolute 
cross-section  measurements.  Instead,  the  high-energy  behavior  of  the  cross 
sections  is  used  for  normalization: 

0  (E)  -*  0  and  o*  (E)  -•  o*  (E)  for  E  ■»  - 

"s  Ion  Ion 

Positronium  formation  is  a  rearrangement  process  for  which  the  cross  section  is 
expected  to  peak  near  threshold  and  to  vanish  at  high  energies.  The  equality 

°Ion  *"'*  °;on  expected  at  energies  at  which  the  first  Born  approximation 
is  valid.  Total  cross  section  measurements  on  Helium  show  a  merging  of  elec¬ 
tron  and  positron  data  already  at  E  =  200  eV  (T). 

2.2  Positron  beam 

The  sodium-22  positron  source  is  located  on  the  side  of  the  beam-transport 
system  such  that  there  is  no  line  of  sight  to  the  channelplate  detectors 
(Fig.1).  The  moderator  is  an  annealed  tungsten  plate  mounted  at  15°  with 
respect  to  the  beam  axis.  Several  coils  produce  a  longitudinal  magnetic  field 
of  about  350  G  in  the  target  region  and  with  lower  field  strengths  elsewhere, 
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adjusted  for  best  focusing  properties.  The  tungsten  spiral  inside  the  glass 
tube  (enlargement  of  Fig.1)  provides  a  wall  of  wall  defined  electric  potential. 
By  drawing  a  current  through  the  tungsten  wire  a  longitudinal  electric  extrac¬ 
tion  field  (to  V  potential  difference  between  tuba  ends)  is  generated. 

The  tube  entrance  aperture  of  S  mm  diameter  insures  that  primary  positrons 
do  not  hit  the  inside  wall.  The  scattered  positrons  are  radially  confined  by 
the  magnetic  field  and  (except  a  few  scattered  backwards  at  full  energy) 
extracted  from  the  target  unless  they  disappear  by  forming  positronium  with 
subsequent  annihilation.  After  leaving  the  target  the  positrons  are  accelerat¬ 
ed  to  SOO  eV  plus  collision  energy  and  traverse  the  region  of  the  ExB  mass 
spectrometer  (81  on  trajectories  whose  projections  onto  a  plane  perpendicular 
to  the  beam  axis  are  trochoids  with  several  periods.  This  results  in  a  hori¬ 
zontal  offset  of  less  than  0.6  cm.  The  positron  counting  rate  of  detector  1  is 
about  1000/s. 

2.3  Ion  beam 

The  He  ions,  produced  by  Ps  formation  or  ionization  are  accelerated  in 
axial  direction  by  the  electric  extraction  field.  The  present  magnetic  guiding 
field  of  350  6  is  not  strong  enough  for  complete  radial  confinement.  Ions  with 
transverse  velocities  corresponding  to  the  tail  of  the  thermal  distribution  can 
hit  the  wall.  In  addition,  ions  already  accelerated  in  the  extraction  field 
can  be  deflected  toward  the  wall  in  a  He  -He  collision.  Estimates  indicate 
that  less  than  tOZ  of  the  produced  ions  are  extracted.  After  leaving  the  tar¬ 
get  they  are  accelerated  to  500  eV  and  deflected  in  the  ExB  mass  spectrometer 
toward  the  mesh  in  front  of  detector  2.  Before  reaching  the  mesh  the  ions  go 
through  1/30  of  a  trochoid  period.  The  trochoid  amplitude,  however,  is  m^^/m^ 
times  larger  than  that  for  the  positrons.  The  result  Is  a  nearly  vertical  ion 
deflection.  The  ion  counting  rates  lie  mostly  between  1  and  10/s. 

2.4  Data  acquisition 

Without  gas  in  the  target  the  counting  rate  of  detector  1  is  a  measure  of 
the  primary  positron  intensity.  The  ratio  of  the  counting  rates  of  detectors  2 
(with  gas)  and  1  (without  gas)  is  a  relative  measure  of  o.  «  o  In  addi¬ 
tion  to  accumulating  the  counts  of  detectors  1  and  2  a  TAC-HCPHA°combination  is 
employed  in  the  following  way;  A  positron-detection  event  starts  the  TAC  and 
the  next  ion-detection  event  stops  it:  if  none  occurs  within  100  ps  the  TAC  is 
reset.  The  time  distribution  accumulated  by  the  HCPHA  shows  a  flat  background, 
mainly  resulting  from  He  ions  whose  correlated  positrons  were  not  detected  or 
disappeared  by  forming  positronium,  and  a  distinct  peak  centered  at  about  3Sp$ 
(depending  on  the  extraction  and  acceleration  voltages)  due  to  the  He  ions 
originating  from  ionization  by  the  positrons  which  provided  the  corresponding 
TAC  start  pulses.  The  ratio  of  the  number  of  events  in  the  peak  on  top  of  the 
background  to  the  number  of  TAC  starts  is  a  relative  measure  of  <7,^^  as  long  as 
pile-up  corrections  are  negligible. 

2.5  Data  evaluation 

For  measuring  the  energy  dependence  of  the  cross  sections  the  energy  of  the 
primary  positrons  is  varied  by  changing  the  potential  difference  between 
moderator  and  target  entrance.  Not  varied  are  the  extraction  field  across  the 
tube,  the  ion  energy  in  the  ExB  mass  separator,  the  potentials  of  detectors  1 
and  2.  and  all  magnetic  fields.  This  raises  the  question  about  energy  depen¬ 
dent  systematic  errors,  for  example  due  to  changes  in  the  ion-extraction 
efficiency.  In  order  to  check  how  serious  these  errors  are.  an  electron-impact 
ionization  experiment  was  performed  using  the  secondary  electrons  from  the 
moderator  as  primary  beam.  By  putting  detector  1  at  a  positive  potential  for 
counting  the  electrons  without  gas  in  the  target  it  was  found  that  the  intensi¬ 
ty  of  secondary  electrons  is  proportional  to  the  intensity  of  posit'or.s  at  all 
energies.  With  gas  in  the  target,  however,  the  potentials  between  target  exit 
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and  detectors  were  chosen  the  same  as  in  the  positron  experiment,  repelling  the 
electrons  but  detecting  the  He  ions.  The  curve  of  relative  values  of  o'  (E) 
was  then  compared  with  the  literature  values  of  o^  ^(E)  of  Montague  et  "al. 
(SI,  matching  the  curves  at  low  energies.  This  comparison  shows  a  rather  good 
agreement.  Only  at  higher  energies  our  values  are  slightly  lower,  by  about  SI 
at  400  eV.  The  deviation  is  interpreted  as  a  slight  decrease  of  the  extraction 
efficiency  because  the  effect  is  more  serious  when  a  weaker  magnetic  guiding 
field  is  used.  The  positron  data  are  corrected  for  this  decrease  in  extraction 
efficiency  with  increasingenergy.  Both  the  sets  of  relative  cross-section 
values  are  normalized  to  o  in  the  energy  intervall  of  200  -  400  eV. 


3.  RESULTS 


FIGURE  2 

The  sum  of  Ps-formation  and  ionization  cross  sections  for  positron  Impact 
on  helium,  versus  energy.  Dots  -  this  work,  line  with  crosses  -  Willis 
and  McDowell  (9).  for  comparison:  solid  line  -  electron-impact  ioniza¬ 
tion  cross  section  o,  of  Montague  et  al.  (6). 
ion 
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The  results  for  Op,IEI  ♦  displayed  in  Fig.  2  together  with  the 
estimates  of  Uillis  and  HcOowell  obtained  from  measured  total  cross  sections 
and  five-state  close-coupling  calculations  for  elastic  scattering  and  excita¬ 
tion.  For  comparison  the  curve  of  ^(E)  is  also  shown.  The  error  bars  of 
our  data  points  in  Figures  2-i  are  the  sum  of  statistical  one-standard  devia¬ 
tion  error  and  an  systematic  error  due  to  normalization. 

Our  data  on  measured  with  the  time-correlation  method  and 
normalized  to  o  ,  are  shown  in  Fig.  3  together  with  other  experimental  and 
theoretical  results?  The  experimental  results  of  Sueoka  (5)  which  are  nearly 
equal  with  OjgnfEI  *Fe  contradicted  by  our  results.  The  trend  o*  >  o"  , 
indicated  by  the  theoretical  result  of  Basu  at  al.  obtained  with  a^^Oistor^qd 
wave  for  the  incoming  positron  and  complete  screening  in  the  final  state,  is 
now  substantiated.  The  measurements  of  Diana  et  al.  It)  agree  only  partially 
with  our  results.  The  differences  of  our  data  plotted  in  Fig.  2  and  Fig.  3 
represent  our  results  for  O^^IE)  plotted  in  Fig.  *.  They  agree  very  wall  with 
those  of  the  Arlington  group  12,3)  and  the  distorted-wave  polarized-orbital 
calculations  of  Khan  and  Ghosh.  There  is  a  significant  disagreement  with  the 
results  of  the  London  group  (1). 


FIGURE  3 

Ionization  cross  section  for  positron 
impact  on  helium  vs.  energy.  Dots  - 
this  work,  triangles  -  Diana  et  al. 
(i),  diamonds  -  Sueoka  (5),  dash- 
dotted  line  -  Basu  at  al.  ItO),  solid 

line  -  0,  (E)  as  in  Fig.  2. 

Ion 


FIGURE  4 

Rositronium  formation  cross  section 
for  helium  vs  energy.  Circles  -  this 
work,  triangles  -  Fornari  et  al.  (21 
and  Diana  et  al.  (3),  squares  - 
Charlton  at  al.  M),  dash-dotted 
line  -  Khan  and  Ghosh  111). 
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The  energy  width  of  our  data  points  is  about  4  eV  FWHH  as  estimated  from  the 
width  of  the  Ho*  ion  peak  in  the  MCPHA  spectrum  and  the  potential  gradient  in 
the  target. 


4.  FUTURE  DEVELOPMENTS 

The  deviations  of  our  o!  data  points  from  in  the  energy  range  of 
300-400  eV,  believed  to  ^Se  caused  by  a  systematic  error  related  to  electron 
optics,  will  be  further  investigated.  With  a  four  times  stronger  magnetic 
field  we  will  increase  the  extraction  efficiency  and  thus  reduce  any  related 
systematic  errors  le.g.  different  transverse  velocity  distributions  for  ions 
from  the  two  reaction  channels).  The  energy  resolution  will  be  increased  by 
reducing  the  extraction  field  for  the  measurement  of  o^^  *  Oj^^  and  by  pulsing 
the  extraction  field  for  the  Oj^^  measurements.  A  long-range  goal  is  the  test 
of  threshold  laws  for  positron-impact  ionization. 
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OBSERVATIONS  OF  SPIN  DEPENDENCE  IN  SUPERELASTIC  SCATTERING  OF  POLARIZED 
ELECTRONS  FROM  Na(3P) 
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Radiation  Physics  Division,  National  Bureau  of  Standards, 
Gaithersburg,  MD  20899  USA 


Measurements  are  presented  of  spin  asymmetries  observed  in  the 
superelastic  scattering  of  10  eV  electrons  from  laser  excited  Na(3P). 
Asymmetries  as  large  as  16%  are  seen,  despite  the  fact  that  the  target  is 
not  spin-polarized.  Data  are  presented  both  as  a  function  of  scattering 
angle  and  laser  polarization  angle.  An  interpretation  of  the  effect  is 
given  in  qualitative  terms. 


1.  INTRODUCTION 

In  the  study  of  inelastic  electron-atom  collisions  at  low  energies,  the 
investigation  of  alignment  and  orientation  introduced  in  the  excited  atomic 
state  has  provided  a  significant  avenue  for  detailed  comparison  of  theory  with 
experiment.  Such  experiments  can  be  done  either  with  coincidence  techniques, 
or  with  the  inverse,  superelastic  process(l).  By  measuring  not  only  cross 
sections,  but  also  the  probability  of  creating  a  particular  angular  momentum 
state  in  the  excited  atom,  one  is  able  to  compare  a  larger  set  of  experimental 
variables  with  theoretical  predictions.  Different  theoretical  approaches 
which  do  not  significantly  disagree  in  the  cross  section  can  give  quite 
different  alignment  or  orientation  parameters.  Thus  decisions  can  be  made  as 
to  the  applicability  of  a  theory  in  situations  where  knowledge  of  a  cross 
section  is  of  little  value. 

The  natural  extension  of  this  type  of  experiment  is  to  include  spin  in  the 
list  of  experimentally  resolved  parameters.  When  spin-dependent  cross 
sections  are  measured  as  a  function  of  alignment  and  orientation  of  the 
target,  the  major  new  information  that  can  be  gained  is  the  role  played  by 
exchange,  or  spin-orbit  coupling,  if  any,  in  the  creation  of  a  particular 
angular  momentum  state  of  the  target.  Thus  the  scattering  process  can  be 
broken  down  into  its  most  basic  elements.  Not  only  are  the  scattering 
amplitudes  for  the  various  magnetic  sublevels  of  the  excited  state  probed,  but 
these  are  also  separated  into  their  spin-dependent  contributions. 

It  is  with  this  in  mind  that  the  current  experiments  were  performed (2 ).  We 
have  measured  the  spin  dependence  of  the  cross  section  for  superelastic 
scattering  of  10  eV  electrons  from  laser-excited  Na(3P)  as  a  function  of 
scattering  angle  and  laser  polarization  angle.  These  results  represent  the 
first  measurements  of  spin  dependence  in  superelastic  scattering  from  an 
aligned  target.  As  such  they  provide  the  first  direct  experimental  probe  of 
the  role  played  by  exchange  in  the  excitation  (or  de-excitation,  as  it  were) 
of  an  aligned  excited  state. 
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2.  EXPERIMENT 

A  complete  description  of  the  experimental  apparatus  will  be  presented  in  a 
forthcoming  publication.  Briefly,  it  consists  of  a  spin-polarized  electron 
beam,  produced  in  a  negative  electron  affinity  GaAs  source(3),  incident  on  a 
beam  of  Na  atoms  originating  from  an  effusive  oven.  The  scattering  volume  is 
illuminated  from  a  direction  perpendicular  to  the  scattering  plane  by  a 
linearly  polarized  laser  beam  with  frequency  corresponding  to  the  3Si/2(F=2)  ♦ 
3P3/2(F=3)  transition  in  Na.  Figure  1  shows  a  schematic  of  the  scattering 
geometry.  The  laser  is  a  single-mode  frequency-stabilized  ring  dye  laser 
(linewidth  approximately  1  MHz).  It  is  frequency  locked  to  the  desired 
transition  by  imaging  the  fluorescence  onto  a  split  photodetector  whose 
difference  signal  provides  feedback  to  the  dye  laser  frequency  control (4). 
Superel astical ly  scattered  eTectrons  are  detected  with  a  channel  electron 
multiplier  equipped  with  a  retarding  field  analyzer  to  reject  elastically  and 
i  nel  astical  ly  scattered  electrons.  This  detector  is  mounted  on  a  rotatable 
turntable  to  allow  measurement  of  the  angular  dependence  of  the  scattering. 

A  typical  measurement  protocol  involves  modulating  the  electron  spin 
direction  at  a  rate  of  100  Hz  while  two  scalers,  gated  with  reference  to  this 
modulation,  collect  counts  for  the  two  different  spin  orientations.  The  two 
scaler  readings  are  averaged  over  several  (typically  10)  runs  of  200  seconds 
each,  and  then  combined  to  form  the  spin  asymmetry  A  =  Pg"MN, -N.  )/(N^+N.  ), 
where  P.  is  the  electron  beam  polarization  (0.26)  and  N  is  the  number  of 
counts  for  spin  up  (+)  or  spin  down  (+)  incident  electrons.  One  standard 
deviation  error  bars  are  obtained  from  the  reproducibilty  of  the  10 
measurements,  and  these  typically  agree  very  well  with  those  predicted  from 
counting  statistics.  Not  included  in  the  error  bars  shown  in  the  present 
results  is  an  overall  scale  factor  uncertainty  in  the  asymmetry  measurement 
due  to  an  uncertainty  in  the  measurement  of  P_.  This  is  estimated  to  be  t  6% 
(lo)  of  the  asymmetry  value(5). 


FIOURE  1,  Schematic  of  the 
scattering  geometry,  showing  a 
representation  of  the  charge 
density  of  the  prepared  3P 
state.  Electrons  with  spin 
polarization  P^  perpendicular 
to  the  scattering  plane  are 
incident  with  momentum  f ,  and 
scatter  into  an  angle  6  with 
momentum  tf.  The  initial  atomic 
state  is  prepared  with  linearly 
polarized  laser  light  incident 
perpendicular  to  the  scattering 
plane.  The  electric  vector  t  of 
the  light  makes  an  angle  8  with 
the  incident  electron 
direction. 
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FIGURE  2.  Spin  asymmetry  in 
siiperel astic  scattering  as  a 
function  of  scattering  angle  0. 
The  laser  is  linearly  polarized 
parallel  to  the  incident 
electron  direction  (0=0).  An 
antisymmetric  curve  is  drawn  to 
guide  the  eye. 


3.  DISCUSSION 

The  antisymmetric  spin  asymmetry  results  shown  in  Figure  2  are  quite 
surprising  when  one  considers  them  from  the  point  of  view  of  the  usual 
presumptions  made  in  discussing  spin-dependent  effects  in  low  energy  electron- 
atom  collisions{6).  Firstly,  considering  the  fact  that  the  target  is  not 
spin-polarized,  it  is  surprising  that  there  should  be  any  spin  asymmetry  in 
the  cross  section  at  all.  Spin-orbit  coupling  is  generally  the  only  type  of 
i nteraction  which  can  cause  left-right  antisymmetric  spin-dependent  effects 
with  an  unpolarized  target,  but  it  should  be  negl  igible  when  incident  electron 
energies  are  low,  the  target  Z  is  small  and  scattering  angles  are  small.  One 
is  thus  left  with  exchange  as  the  only  possible  source  of  the  spin  asymmetry, 
but  this  also  leads  to  contradictory  conclusions.  Exchange  usually  produces 
asymmetries  only  when  the  target  is  spin-polarized,  and  these  asymmetries  do 
not  change  sign  when  one  goes  from  positive  to  negative  scattering  angles. 
Hence  we  are  faced  with  the  following  dilemma:  an  explanation  of  the 
observations  in  terms  of  spin-orbit  coupling  seems  reasonable  in  view  of  the 
unpolarized  target  and  the  left-right  sign  change  of  the  asymmetry,  but  seems 
unreasonable  in  terms  of  energy,  target  Z,  and  scattering  angle.  Similarly, 
exchange  seems  reasonable  in  terms  of  the  latter  considerations,  but  appears 
tn  shn-t  in  predicting  the  scattering  angle  antisymmetry  or,  indeed,  even 

the  existence  or  the  effect. 

A  qualitative  resolution  of  the  apparent  paradoxes  presented  by  the  data  is 
obtained  by  considering  the  roles  played,  in  the  presence  of  exchange,  by  the 
four  angular  momenta  in  the  problem:  the  incident  electron's  spin,  its 
orbital  angular  momentum,  the  target  electron's  spin,  and  its  orbital  angular 
momentum.  In  order  to  understand  how  these  come  into  play,  we  nwst  first 
consider  the  state  of  the  target  as  prepared  by  the  linearly  polarized  laser 
beam.  For  convenience  in  describing  the  scattering  dynamics,  we  choose  to 
discuss  the  atomic  state  in  terms  of  the  coordinate  system  in  which  the 
quantization  axis  is  antiparallel  to  the  incident  light  direction!? ) . 
Neglecting  for  the  purposes  of  this  discussion  the  fact  that  the  atom  is  in  a 
single  hyperfine  state,  simple  transition  probabilities  for  linearly  polarized 
light  predict  that  the  excited  state  atoms  are  in  a  superposition  of  Mi  levels 
of  the  3P3/2  state,  the  Mj  =  ±3/2  having  3/8  of  the  population  each  and  Mj  = 
±1/2  havi  ng  1/8  each. 
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The  next  step  is  to  recognize,  as  demonstrated  by  Hermann  et  al.(l),  that 
when  an  electron  superelastically  scatters  to  the  left  side  of  the  atom,  the 
cross  section  for  deexciting  positive  Ml  states  is  much  larger  than  for 
negative  Ml  states.  Thus  if  one  has  a  superposition  of  Ml  states  in  the 
target,  one  would  expect  the  majority  of  electrons  scattered  to  one  side  to  be 
those  which  have  deexcited  positive  Ml  states,  while  those  scattered  to  the 
other  side  have,  for  the  most  part,  deexcited  negative  Ml  states. 

An  explanation  of  the  spin-dependent  effect  is  now  apparent,  when  one 
considers  the  fact  that  the  Mj  =  +3/2  state  consists  of  an  Ml  =  +1  coupled 
with  an  Me  =  +1/2  state,  while  Mj  =  -3/2  has  Ml  =  -1  coupled  with  Me  =  -1/2. 
Since  most  of  the  excited  state  population  is  in  the  M,  =  +3/2  and  -3/2 
states,  it  can  be  said  that  in  detecting  electrons  scattered  to  one  side,  we 
have  not  only  selected  those  electrons  which  have  mostly  deexcited  a  specific 
Ml  state,  but  also  those  which  have  mostly  deexcited  a  specific  Mj  state. 

Thus  we  have,  in  effect,  selected  those  electrons  which  have  scattered  from  a 
spin-polarized  subset  of  the  excited  atoms.  This  removes  the  above-mentioned 
objections  to  attributing  the  observed  spin-asymmetries  to  exchange.  Spin 
polarization  of  the  target  is  achieved  by  selection  of  a  spin-polarized 
subset,  while  left-right  scattering  antisymmetry  arises  from  the  selection  of 
the  opposite  sign  of  target  polarization  when  the  scattering  angle  sign  is 
switched. 

The  data  shown  in  Figure  3  also,  at  first  consideration,  present  a  somewhat 
unforeseen  result.  These  data  show  the  effect  on  the  spin  asymmetry  of 
changing  the  angle  which  the  polarization  vector  of  the  linearly  polarized 
laser  light  makes  with  the  incident  electron  direction.  The  observed 
variation  in  the  spin  asymmetry  is  somewhat  difficult  to  understand  in  light 
of  the  fact  that  a  rotation  of  the  electric  vector  does  not  change  the 
relative  populations  of  the  Mj  sublevels  in  the  excited  state,  but  rather  only 
changes  the  relative  quantum  phases.  Hence  the  spin-polarization  of  any 
subset  of  the  excited  state  remains  constant,  suggesting  that  the  observed 
spin  asymmetry  in  the  scattering  shouldn't  change. 

Qualitative  understanding  of  this  phenomenon  can  be  achieved  when  one 
considers  the  fact  that  while  the  majority  of  the  scattering  to  one  side  is 
from  Mj  =  +3/2  states,  there  is  also  some  contribution  from  the  other  Mj 
levels.  In  particular,  the  contribution  from  Mj  =  -1/2  is  coherent  with  that 
from  Mj  =  +3/2  since  the  atomic  state  contains  a  coherent  superpostion  of 
these  two  states.  Because  the  Mj  =  -1/2  state  is  a  mixture  containing  some  Ml 
=  0,  Mj  =  -1/2,  there  is  some  scattering  from  Me  =  -1/2  coherently  combined 
with  the  scattering  from  Mo  =  +1/2.  One  would  thus  expect  an  interference 
term  in  the  resulting  scattering  intensity  and  also  in  the  spin  asymmetry,  the 
size  of  which  depends  on  the  angle  6. 


FIliUKE  3.  Spin  asymmetry  in 
superelastic  scattering  vs. 
laser  polarization  angle  B.  The 
scattering  angle  is  -3U°.  The 
curve  is  a  least-squares  fit  of 
the  function  A+8cos(28+C ) .  The 
parameters  A,  B  and  t;  have  the 
values  0.115  ±  0.UU6,  0.060  + 
0.008  and  -28°  t  g°. 
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4.  CONCLUSION 

We  have  presented  first  measurements  of  spin-dependent  effects  in 
superelastic  scattering  from  laser  excited  Na.  In  the  process  of  probing  this 
new  area  of  experimental  investigation,  we  have  uncovered  some  surprising 
effects  which  stress  the  necessity  of  carefully  considering  the  assumptions 
made  in  the  description  of  spin  effects  in  electron-atom  collisions.  We  have 
presented  explanations  of  the  apparent  paradoxes  posed  by  our  measurements  in 
physical  terms,  in  the  hopes  that  greater  physical  understanding  can  be 
achieved  this  way. 

Clearly,  although  progress  has  been  made  in  this  direction(8) ,  a  complete 
theoretical  description  of  these  phenomena  is  required  before  it  can  be  said 
that  they  are  fully  understood.  Once  such  an  analysis  is  carried  out,  the 
comparison  with  experiment  should  yield  new  information  which  will,  in 
combination  with  cross  section  measurements  and  alignment  and  orientation 
parameter  determinations,  provide  the  ultimate  test  of  ab  initio  calculations 
of  complex  scattering  factors. 

The  results  shown  here  are  only  the  beginning  of  a  large  series  of 
measurements  which  can  be  made.  Work  is  currently  underway  to  measure  spin 
asymmetries  with  circularly  polarized  excitation,  which  should  provide 
information  more  directly  comparable  with  theory,  since  optical  pumping  allows 
the  atom  to  be  prepared  in  a  pure  Ml  =  ±1,  =  ±1/2  state.  In  addition,  the 

incident  energy  dependence  of  the  spin  asymmetries  is  certainly  of  interest 
and  is  also  being  investigated.  With  the  completion  of  these  measurements,  it 
is  hoped  that  a  large  improvement  in  the  understanding  of  the  role  played  by 
electron  spin  in  inelastic  collisions  can  be  realized. 
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THIS  BEAN  IS  TOOR  BEAN 


By  M.  J.  Coggiola 


Tune;  This  tand  Is  Your  Land 


This  beam  Is  your  beam 

This  beam  Is  my  beam,  from  early  morning  to  the  next  day  ev*nlng 
From  the  ion  sources  to  the  down  stream  magnets; 

This  beam  was  made  for  you  and  n>e« 

As  I  was  tuning  my  beam  of  protons 
I  accidently  lost  all  my  muons 
By  now  my  vacuum  is  Just  a  mem’ry 

This  beam  was  made  for  you  and  me. 

I*ve  begged  and  pleaded  for  longer  run  time 
But  NSF  has  spent  their  last  dime 
While  all  around  me  are  users  waiting 

This  beam  was  made  for  you  and  me. 

When  will  we  ever  get  higher  count  rates 
Enough  to  burn  up  our  fancy  channel  plates 
As  ail  was  working  my  shift  was  over 

This  beam  was  made  for  you  and  me. 
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RELATIVISTIC  ATOMIC  COLLISIONS 

R.  ANHOLT 


Department  of  Physics,  Stanford  University,  Stanford  California  94305* 


X-ray  and  charge-state  studies  of  relativistic  heavy-ion-atom  collisions 
have  been  made  at  the  Lawrence  Berkeley  Laboratory's  BEVALAC  accelerator. 
This  paper  reviews  studies  of  ionization  processes,  radiative  electron 
capture,  and  bremsstrahlung  x-ray  emission  in  solid  targets. 


1 .  INTRODUCTION 


The  coupling  of  Lawrence  Berkeley  Laboratory's  heavy  ion  linear 
accelerator  (SuperHILAC)  with  its  relativistic  synchrocyclotron  (BEVATOON)  has 
opened  up  new  frontiers  in  atomic-collision  physios.  The  BEVALAC  is  capable  of 
accelerating  U  ions  to  energies  of  -1-GeV/amu  (total  energy  238  CeV),  which 
makes  possible  for  the  first  time  the  study  of  collisions  and  interactions  of 
the  heaviest  few-electron  ions. 

From  the  point  of  view  of  atomic  collision  physics,  the  relativistic  ion 
velocity  is  less  important  than  the  relative  velocity.  Most  fundamental 
processes  in  atomic-collision  physics  scale  with  the  ratio  of  the  ion  velocity 
V  to  the  velocity  at  the  active  electron  (Vj,  for  processes  involving  the  Is 
electron).  With  relativistic  projectiles  one  can  obtain  velocities  that  are 
high  with  respect  to  the  fastest  electron  in  the  heaviest  atom,  the  Uranium  K 
electron.  This  allows  the  ion  to  be  stripped,  so  that  one  can  study  one-  or 
two-electron,  high-Z  ions  where  the  atomic  structure  problem  is  greatly 
simplified.  Most  theories  of  scattering  processes  are  greatly  simplified  also. 
While  theories  at  low  relative  velocities  are  becoming  increasingly  refined 
only  by  employing  numerically  intensive  coupled-channel  calculations  including 
ten,  fifty,  perhaps  hundreds  of  basis  states  (1),  at  high  relative  velocities  we 
can  still  make  use  of  high-velocity  theories  like  the  first  Born  approximation 
for  ionization  and  excitation  processes  (2,3)  and  second-Born  (4),  elkonal  (5,6), 
strong-potential-Born  (7),  or  impulse  approximations  (8)  for  capture  processes. 

This  is  not  to  imply  that  scattering  processes  at  high  velocities  are  well 
understood,  else  their  study  would  not  be  worthwhile.  In  this  paper,  we 
examine  distortion  effects  (9)  on  ionization  processes  which  reduce  projectile 
ionization  cross  sections  by  factors  as  small  as  0.2  in  some  cases.  We  also 
examine  radiative  electron  capture  processes  (REC),  which  are  negligible  in 
low-velocity  collisions,  but  account  for  most  of  the  observed  capture  cross 
sections  for  relativistic  ions  incident  on  low-Z  targets  (10).  Nonradiative 
electron  capture  (NRC)  is  discussed  elsewhere  in  this  volume  (11).  Lastly,  we 
discuss  radiative  continuum  processes  which  have  been  observed  in  measurements 
of  x-ray  production  by  relativistic  heavy  ions. 


^Supported  in  part  by  the  National  Science  Foundation  grant  No.  PHy-83-13676. 
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2.  EXPERIMENTS 


Until  now  two  different  kinds  of  atomic-collision  measurements  have  been 
made:  measurements  of  x-ray  production  (12)  and  of  charge  changing  cross 
sections  (13)-  Both  employed  many  solid  targets  ranging  from  Be  to  U,  and 
several  different  ions  and  beam  energies  were  used.  The  methods  used  are, 
except  for  a  few  oases,  standard  in  atomic  collision  physics,  and  are  discussed 
elsewhere  (12,13). 

Figure  1  illustrates  the  type  of  x-ray  processes  observed  when 
4j2-MeV/amu  U  ions  bombard  Be  and  U  targets.  The  most  prominent  features  in 
the  U  +  U  spectrum  are  the  K  x-rays  coming  from  the  target  atom  (U)  and 
projectile  ions.  The  target  K  x-rays  are  sharp  since  the  target  atom  is 
initially  stationary  and  does  not  recoil  significantly  when  a  projectile  ion 
passes  by  sufficiently  close  to  create  a  K  vacancy.  The  target  K  x-rays 
mainly  come  from  ionization  by  the  projectile  nu::leus,  but  uncertain 
contributions  due  to  target  K  electron  capture  by  the  projectile  are  present. 
The  projectile  x-rays  in  U  *  U  and  U  ♦  Be  collisions  are  broad  due  to  the 
Doppler  shift  over  the  range  of  angles  subtended  by  the  x-ray  detector.  They 
mainly  come  from  1s-*2p  excitation  followed  by  radiative  decay  in  one-  and  two- 
electrcn  projectiles,  and  give  Information  about  the  state  of  the  ion  inside 
the  solid  target,  which  is  discussed  elsewhere  (14). 

The  peak  at  approximately  270  keV  is  due  to  the  radiative  capture  of 
target  K  electrons  into  the  K  shell  of  the  projectile.  The  peak  in  U  •*  Be 
collisions  is  very  broad  due  to  Doppler  broadening,  and  is  not  observable  in 
U+U  collisions  due  to  intense  continuum  x-ray  emission.  The  REC  photon  cross 
section  gives  a  direct  measure  of  the  radiative  contribution  to  the  total 
capture  cross  sections  and  Indirect  information  about  the  state  of  the 
projectile  inside  the  target  (10,14). 

Below  the  K  REC  peak  in  U*Be  collisions,  L  REC  (radiative  capture  into  the 
I  and  higher  projectile  states)  is  expected.  Also  a  continuum  spectrum  we 
call  primary  brerasstrahlung  (15-17)  is  seen.  We  discuss  primary 
brerasstrahlung  and  secondary-electron  bremsstrahlung  (18,19),  which  is 
dominant  in  U  *  U  colli.>=ions,  in  Section  5. 

Measurements  of  charge- changing  cross  sections  using  incident  zero-,  one-, 
and  two-electron  ions  on  thin  targets  give  direct  information  about  projectile 
Is  ionization  and  capture.  For  example,  when  Xe*’'^  ions  are  used,  the  yield  of 
Xe“*  is  proportional  to  the  Is  ionization  cross  section,  and  the  yield  of  Xe^** 
ions  is  proportional  to  the  electron  capture  cross  section,  if  the  target  is 
sufficiently  thin  (13).  Figure  2  shows  typical  results.  The  projectile 
ionization  cross  sections  increase  roughly  as  Zf,  which  measures  the  strength 
of  the  perturbing  Interaction  between  the  target  nucleus  and  projectile 
electron.  The  electron  capture  cross  sections  increase  linearly  with  Z^  at 
low  Zt  where  REC  is  dominant,  then  begin  to  increase  faster  with  Zt  than  the 
ionization  cross  sections,  due  to  NRC.  This  qualitative  Zt-behavior  has  been 
seen  in  collisions  with  projectiles  ranging  from  Carbon  to  Uranium.  The  point 
where  NRC  overwhelms  REC  varies  with  the  ion  energy  and  the  atomic  number  of 
the  projectile. 


3.  IONIZATION  PROCESSES 


Charge-state  measurements  of  projectile  ionization  using  relativistic  heavy 
ions  is  an  unambiguous  method  for  studying  ionization  processes  as  one  varies 
the  strength  of  the  perturbing  potential.  When  one  measures  target 
ionization,  contributions  due  to  K  electron  capture  by  the  projectile  are 
present,  which  despite  the  advanced  state  of  our  knowledge  of  e:..3ctron  capture 
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FIGURE  1 

x-ray  cross  section  spectra  for  i)22-MeV/amu  U»Be  and  U+U  collisions  at  e'=85°. 
In  addition  to  target  Ka  and  Kg,  projectile  Ka,  K-  and  L-REC  x-ray  lines, 
primary  bremsstrahlung  (chain  curve)  and  secondary  electron  bremsstrahlung 
(dashed  lines)  are  shown.  The  solid  line  shows  the  total  calculated  continuum 
x-ray  intensity. 
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FIGURE  2 

Cross  sections  for  Xe”*  Is  ionization  (solid  line  and  closed  circles)  and  Xe’'* 
electron  capture  (triangles).  The  calculated  radiative  electron  capture 
(dashed  lines)  and  nonradlative  capture  (chain  curve)  cross  sections  are  shown. 
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by  relativistic  projectiles  (5,6),  can  stil'  not  be  caloiilated  accurately  within 
a  factor  of  two.  These  contributions  arc  absent  when  projectile  ionization  is 
measured,  since  the  neutral  target  atoms  cannot  capture  projectile  electrcris. 

The  screening  of  the  perturbing  target  nucleus  by  the  target  electrons 
must  be  considered  when  projectile  ionization  is  studied  (20).  In  the  plane- 
wave  Born  approximation,  the  projectile  ionization  cross  section  per  electron 
is  given  by  (21) 


“is  “  L  ^  |<e|exp(iqT)|  1s>|2  S(q),  (1) 

where  e  is  the  kinetic  energy  of  the  ionized  electron,  Qo  =  (Ek  *  e)''6c  Is  the 
minimum  momentum  transfer  needed  to  excite  the  K  electron  with  binding  energy 
Ek,  bc  is  the  ion  velocity.  So  is  the  Bohr  radius,  a  =  1/137.037,  the  target 
screening  factor  is  given  by 

S(q)  =  j^Zt-T  i  j<i);i|exp(iqT)jiiri>jj^  ♦  Zt  -  T  i  | <ili  jexp(iqT)|  iip  |2,  (2) 

is  the  target  nuclear’  charge,  and  the  sum  include?  -nil  occupied  tar’get. 
orbitals  The  first  tv;c  terms  in  this  expression  represent  t.he  iiileracticr. 
with  a  screened  tar’get  nucleus.  At  very  high  velocities,  q  “  c.;  is  nearly 
zero,  and  this  terrri  vanishes.  Htcitation,  whic!i  •.•.'culd  r.or’maliy  occur  at  large 
imp-act  p-arameters,  is  not  present  because  the  projectile  electron  sees  a 
neutral  atom.  The  second  tvo  tems  rei resent  the  excitation  of  projectile 
electrons  by  separate  electron- electron  interactions.  This  term  also 
vanishes  as  q,  approaches  zero.  In  collisions  with  very  heavy  ions  like  Xe  and 
U,  the  momentum  transfer  is  large,  so  that  the  target  form  factors, 
<^i|exp(iqT)|  are  small,  and  the  ionization  cross  sections  vary  as 
(Z£»Z(;)og,  where  Og  is  the  plane-wave  Born  approximation  cross  section  for 
protons 

Equations  (1)  and  (2)  do  not  incorporate  threshold  effects  on  the  electron 
excitation  contribution.  In  82-MeV/amu  Xe  collisions,  the  target  electron 
kinetic  energy  in  the  projectile  frame  is  45  keV,  which  is  barely  energetic 
enough  to  ionize  a  Xe  K  electron  with  a  binding  energy  of  40  keV.  To  account 
for  the  electron  ionization  contribution,  we  therefore  subtracted  from 

the  measured  cross  sections,  where  oq  is  the  calculated  electron  ionization 
cross  section  of  Rudge  and  Schwartz  (22)  which  is  reasonably  accurate  near  the 
ionization  threshold. 

With  relativistic  projectiles  one  must  include  not  only  the  Coulomb 
interaction  between  the  projectile  electron  and  target  nucleus,  but  also  the 
current- current  Interaction  in  the  projectile  frame  (23).  This  gives  ai 
additional  transverse  ionization  cross  section,  which  is  dominant  at  energies 
exceeding  about  10  GeV/amu,  but  is  negligible  for  82  to  200  MeV/amu. 

Figure  3  shows  reduced  ionization  cross  sections 

deed  '  (bmeas  “  (3) 


for  82-  to  200-MeV/amu  Xe  ions  plotted  against  the  atomic  number  of  the 
perturbing  nucleus.  Studies  of  target  inner-shell  ionization  by  light  ions 
have  explored  the  region  of  small  perturbing  charges.  At  low  velocities  where 
the  electrons  form  diatomic  molecular  orbitals  around  the  projectile  and 
target  nuclei  and  become  more  tightly  bound,  the  electrons  are  more  difficult 
to  ionize,  hence  smaller  ionization  cross  sections  are  found  (9).  At  high 
velocities,  the  distortion  of  the  electron  clouds  redistributes  the  electron 
density  toward  the  perturbing  nucleus,  thus  bringing  the  electron  and 
pt,'rturber  closer  together,  and  increasing  the  probability  of  excitation  (-). 
Basbaa  et  al.  (5)  formulated  a  theoiyr  relevant  to  the  pTcsent  inteimediale 
v-'T>cities  (V'Vk)  that  interpolates  between  the  tivo  regipf’c.  Ki-wever,  this 
theory  generally  p)re'dictG  that  the  piresent  projectile  ion  lion  cross  section 
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FIGURE  3 

Reduced  single  Ionization  cross  sections  Tor  8l.5~,  140-,  and  200-MeV/amu  Xe 
projectiles.  The  data  points  are  compared  with  the  plane-wave  Born 
approximation  (thick  solid  line),  the  theory  of  Basbas  et  al  (9)  incorporating 
distortion  effects  (thin  solid  line),  a  semiempirical  modification  of  the  Basbas 
theory  (dashed  line),  and  the  Glauber  approximation  (chain  curve). 
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FIGURE  it 

Scaled  p+H  and  Xe+Xe  Is  ionization  cross  sections  plotted  against  proton 
kinetic  energy.  The  p+H  data  points  are  from  Park  (24;  triangles)  and  Shah  and 
Gilbody  (25;  closed  circles).  The  curves  are  the  same  as  in  Fig. 3. 
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should  be  larger  than  the  plane-wave  Born  calculations,  but  most  of  the  data 
for  Zt  >  20  lie  below  the  Born  ones.  To  estimate  the  Ionization  cross  sections 
for  other  applications,  we  semietnpirically  modified  the  Basbas  calculation  by 
increasing  the  relative  weight  of  the  binding  effect.  The  resulting  cross 
sections,  shown  in  Fig.  3,  are  in  reasonable  agreement  with  experiment  at  large 
Zt- 

We  noted  that  scaled  p  H  ionization  cross  sections  (2i|,25)  for  the  same 
ratio  of  v  to  Vj^  agree  well  with  interpolated  Xe+Xe  ionization  cross  sections 
for  symmetric  collisions  (Fig.  i)).  This  led  us  to  apply  theories  like  the 
Glauber  approximation  (26)  that  have  normally  been  used  exclusively  for  near 
symmetric  collisions  in  the  present  highly  asymmetric  ones.  The  Glauber 
ionization  cross  sections  are  always  below  the  Born  cross  sections,  which 
possibly  indicates  the  lack  of  elements  in  the  theory  that  can  be  physically 
connected  with  the  polarization  effect.  At  large  Zj,  the  Glauber  calculations 
agree  well  with  experiment,  but  at  small  Z^,  the  measured  cross  sections  lie 
above  the  Born  and  Basbas  theories.  The  low  Zj,  data  points  are  significantly 
affected  by  target  antiscreening  where  we  do  not  have  a  definite  theory 
incorporating  threshold  effects. 


14.  RADIATIVE  ELECTRON  CAPTURE 


Radiative  electron  capture  is  the  inverse  of  the  photoelectric  process.  In 
the  projectile  frame,  an  incident  bound  target  electron  is  captured  with  the 
emission  of  a  photon  whose  energy  is  equal  to  the  sum  of  the  electron  kinetic 
energy,  (Y-l)mo’  where  Y“=(1-6^)~',  and  the  final  electron  binding  energy. 
Raisbeck  and  Ylou  (27)  noted  that  REC  was  needed  to  explain  observed  total 
electron  capture  cross  sections  for  >300  MeV/amu  protons  incident  on  low-Z 
target  atoms.  The  REC  photon  was  observed  at  nonrelativistic  velocities  by 
Kienle  et  al.  (28)  and  others. 

The  cross  section  for  REC  into  the  projectile  shell  i  is  calculated  using 
photoelectric  cross  sections  Opg^: 

'’RECi  '  Opgp(kmc^),  (4) 

where  k  =  Ej/mc^  +  Y-1,  and  the  factor  of  Z^  is  present  because  there  are  Z^; 
target  electrons  per  atom  that  can  be  captured  with  equal  likelihood. 

There  are  two  ways  of  measuring  the  REC  cross  section.  Charge-changing 
cross-section  measurements  give  the  sum  of  the  REC  and  NRC  cross  sections.  At 
low-Zp,  REC  dominates  (Fig. 2),  so  one  directly  measures  the  REC  cross  section, 
but  at  high’Zp,  this  is  not  possible.  The  K  REC  photon  cross  section  is  given 
by  (10) 


°RECY  2  '^Kv  ”RECK’ 

where  Nkv  (32)  is  the  average  number  of  K  vacancies  carried  by  the  projectile 
inside  the  solid  target.  Therefore,  the  measured  REC  photon  cross  sections 
depend  on  two  unknowns;  the  number  of  projectile  vacancies  and  the  K  REC  cross 
section.  From  our  parallel  studies  of  the  states  of  ions  in  solid  targets 
(14),  we  have  evidence  that  for  the  present  high-Z  ions,  the  equilibrium  charge 
states  of  projectiles  inside  the  target  are  equal  to  those  measured  downstream 
using  a  magnetic  spectrometer.  While  this  may  not  be  the  case  for  low-Z,  low- 
velocity  ions  in  solid  targets  where  projectiles  in  highly  excited  states  can 
Auger  decay  after  leaving  the  target,  giving  larger  post-target  charge  states 
(29),  it  is  the  case  for  the  present  high-Z  ions  where  the  high  radiative  decay 
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FIGUKE  5 

Measured  and  calculated  KREC  photon  cross  sections  and  the  derived  number  of 
projectile  K  vacancies,  obtained  from  Eq.(5).  The  crosses  for  il22-MeV/amu  U 
and  the  solid  lines  for  the  Xe  collisions  show  M^v  values  obtained  from  post¬ 
target  charge-state  measurements.  The  REG  photon  cross  sections  become 
uncertain  for  Zt>20  and  impossible  to  measure  for  X*>50  where  secondary 
electron  bremsstrahlung  overwhelms  the  REG  cross  sections. 


rates  keep  excited-state  populations  small.  This  is  shown  in  Fig.5  where  equal 
values  of  Nj<y  have  been  obtained  from  measured  photon  cross  sections  and 
measured  post-target  charges  states  for  U  and  Xe  ions.  This  also  verifies 
that  we  can  calculate  REC  cross  sections  accurately.  Therefore,  we  conclude 
that  the  theory  of  REC  is  well  understood. 


5.  RADIATIVE  CONTINUUM  PROCESSES 


Radiative  electron  capture  is  the  capture  of  target  electrons  into  bound 
states  of  the  projectile.  An  analogous  process  is  the  capture  into  continuum 
states  of  the  projectile,  which  we  call  primary  bremsstrahlung  (PB,  15-17). 
Viewed  differently:  in  the  projectile  frame,  the  projectile  nucleus  is 
bombarded  by  target  electrons  with  mean  kinetic  energy  (Y-l)mc*.  These 
electrons  may  emit  bremsstrahlung  photons  with  energy  as  large  as  the 
electron  kinetic  energy  in  the  projectile  frame.  In  the  laboratory  frame,  the 
end-point  x-ray  energy  is  given  by 

Ex’  ■  (T-I)mc*  Y"‘  (1-60030')“',  (6) 

where  0'  is  the  laboratory  photon  emission  angle.  For  HFT-MeV/amu  U 
collisions  viewed  at  85°,  the  PB  spectrum  endpoint  is  near  170  keV. 

As  a  first  approximation,  the  PB  cross  section  Is  just  the  bremsstrahlung 
cross  section  for  Zt  electrons  with  kinetic  energy  T  -  (Y-l)roc°  bombarding  the 
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FIGURE  6 

Continuum  x-ray  cross  sections  in  82-MeV/amu  Xe  collisions  at  an  x-ray  energy 
of  40  keV,  197-MeV/arau  Xe  at  60  keV,  and  422-MeV/amu  U  at  140  keV.  The 
measured  data  points  are  compared  with  calculations  of  primary  bremsstrahlung 
(chain  curve)  and  secondary-electron  bremsstrahlung  (dashed  line),  and  the 
total  continuum  yield  (solid  line). 


projectile  nucleus  Lorentz  transformed  into  the  laboratory  (30): 


where 

and 


d’opB(Ex'>®') 

dEx'dO' 


d^oprem^^X'^’^P’^)  ‘^x  d!J 
dExdn  dEx'  dP" 


cose 


S-cose'  dP  ^  1-S^ 

l-gcose"  dP'  (1-8cos0')^’ 

^x  ^  l-Bcose' 

'lEx'  (1-8^)’^^ 


(7) 


(8) 


Here  the  unpriraed  quantities  are  projectile-frame  quantities  (centet^of-mass 
for  projectile-electron  collisions),  and  the  primed  ones  are  laboratory 
quantities.  For  the  bremsstrahlung  cross  section  we  used  the  Bethe-Heitler 
formula  [Eq.(3flN)  of  ref. 31]  including  the  Elwert  Coulomb  correction  factor. 

For  the  calculations  shown  in  Fig.  1,  we  folded  in  the  target  electron 
Compton  distribution  to  take  into  account  the  motion  or  the  bound  target 
electrons  in  the  target  frame,  and  we  averaged  over  the  laboratory  angles 
subtended  by  the  x-ray  detector.  These  folding  procedures  have  no  effect  on 
the  PB  cross  section  for  x-ray  energies  well  below  the  end  point.  The 
electron  momentum  folding  causes  the  spectrum  to  drop  off  more  slowly  above 
the  end  point;  the  Doppler  folding  shifts  the  position  of  the  end  point  to 
slightly  higher  energies,  due  to  the  inclusion  of  smaller  laboratory  angles, 
and  rounds  off  the  continuum  shape  near  the  end  point. 

The  calculated  PB  cross  sections  are  generally  lower  than  experiment,  as 
discussed  in  more  detail  below.  However,  the  shape  of  the  contlnua  agree  well 
with  experiment,  especially  where  PB  is  dominant,  as  in  the  Be  collisions.  The 
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measured  photon  angular  distribution  in  197-MeV/aniu  Xe+Be  collisions  is  in  good 
agreement  with  Eq.(7)  when  normalized  near  90“. 

Secondary  electron  bremsstrahlung  (SEB;  18,19)  is  dominant  in  the  U+U 
collisions,  as  shown  in  Fig.1.  In  a  binary  collision  between  a  i122-MeV/amu 
heavy  ion  and  a  nearly  free  electron,  ionized  electron  kinetic  energies  up  to 
^max  =11^0  keV  are  possible.  These  electrons  can  collide  with  other  nearby 
target  nuclei  in  solid  targets,  emitting  bremsstrahlung  photons  with  energies 
up  to  -11*10  keV.  To  calculate  the  cross  section  for  SEB,  we  assume  (1)  that 
Zt  target  electrons  per  atom  are  free  and  scatter  elastically  from  the 
projectile  nucleus,  and  (ii)  the  ionized  electrons  follow  a  tortuous  path  inside 
the  solid  target  so  electrons  never  leave  the  target  material,  and  the  angle 
between  the  bremsstrahlung  photon  direction  and  the  projectile  direction  is 
random.  The  latter  assumption  follows  from  a  calculation  of  the  mean 
multiple  scattering  angle  for  100-  to  itOO-keV  electrons  in  the  targets  used. 
The  mean  angle  is  of  the  order  of  several  radians,  so  one  cannot  assume  the 
electrons  travel  in  a  straight  line  after  being  emitted.  With  these 
assumptions,  the  cross  section  Is  given  by 


dosEBlEx')  , J^max  ,  doelas  dEg'  dobrem(Ex') 

dEx'  “  dEe’  J,  "WT  dE^' 

X  *^6 


(9) 


where  doeia3(Ee)''dEg  is  the  elastic  electron  scattering  cross  section, 
Emax=27*6*raoS  nj  is  the  target-atom  density,  SCEg)  is  the  electron  stopping 
power  in  the  target  material,  and  dopcgni/dEx  is  the  angle-integrated 
bremsstrahlung  cross  section  calculated  using  the  Bethe-Heltler-Elwert  formula 
(31).  The  calculated  SEB  cross  sections  are  in  good  agreement  with  the 
measured  U+U  spectrum  in  Fig.1. 

Figure  6  shows  the  Zt-dependence  of  continuum  x-ray  production  in 
82-,197-,  and  422-MeV/amu  Xe  and  U  collisions.  The  x-ray  energy  chosen  falls 
within  the  region  where  both  PB  and  SEB  are  present.  Given  the  good  agreement 
between  the  shape  of  the  calculated  and  measured  x-ray  spectra,  identical 
qualitative  results  are  expected  at  other  x-ray  energies.  The  x-ray  energies 
were  partly  chosen  to  avoid,  as  much  as  possible,  interference  with 
■-haracteristic  x-rays  and  REC  photons  (though  cross  sections  for  oontinua 
Ji.ling  beneath  target  x-ray  lines  could  not  be  obtained  at  some  Zj  values). 

The  fully  logarithmic  plot  in  Fig.  6  demonstrates  that  PB  increases 
linearly  with  Z^  and  SEB  increases  quadratically  with  Z^.  Good  agreement 
between  the  SEB  calculations  and  experiment  is  found  at  high-Zt,  but  there  is 
a  systematic  discrepancy  at  low-Z^  where  PB  dominates.  If  one  subtracts  the 
calculated  SEB  contribution  from  the  measured  cross  sections,  the  resulting 
cross  sections  increase  linearly  with  7.^,  as  predicted  by  the  PB  theory,  but 
are  factors  of  1.7  (197-MeV/amu  Xe)  to  2.9  (i|22-MeV/amu  U)  too  high. 

We  have  double  checked  every  assumption  made  to  determine  PB  and  believe 
the  calculated  cross  sections  are  accurate  to  within  ±30%.  We  conclude  that 
the  disagreement  between  the  theory  of  PB  and  experiment  is  fundamental.  The 
shape  of  the  PB  spectrum  and  the  angular  distribution  of  the  radiation  agree 
with  theory,  but  the  magnitudes  of  the  measured  and  calculated  cross  sections 
differ.  Given  the  reasonably  good  agreement  between  measured  atomic  electron 
bremsstrahlung  cross  sections  (32)  for  sirailiar  electron  energies  and  Z  values 
and  our  Bethe-Heitler-Elwert  calculations,  it  is  unlikely  that  the  origin  of 
the  disagreement  between  the  PB  calculations  and  experiment  lies  in  the 
electron  bremsstrahlung  cross  sections.  It  should  be  emphasized,  however, 
that  electron  bremsstrahlung  cross  sections  have  never  been  measured  on 
nearly  bare,  high-Z  ions,  but  all  Dirac-raany-electron  bremsstrahlung  cross- 
section  comparisons  suggest  that  little  difference  should  exist.  The 
discrepancy  may  indicate  a  failure  of  the  impulse  approximation  to  describe 
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electron  bremsstrahlung  for  incident  projectiles  on  bound  target  electrons, 
but  the  good  agreement  between  experiment  and  REC  cross  sections  calculated 
with  the  same  theory  limits  the  options  one  has  for  modifying  the  Impulse 
approximation.  Possibly,  hlgh-Z  projectiles  polarize  the  target  atoms  to  such 
an  extent  that  the  density  of  target  electrons  Increases  near  the  projectile 
nucleus,  but  this  should  also  affect  the  PB  and  REC  cross  sections  equally. 
Wake  or  bound  electrons  traveling  with  the  projectile  bombard  target  nuclei 
giving  bremsstrahlung  up  to  the  PB  endpoint,  but  given  the  lower 
bremsstrahlung  cross  sections  on  target  nuclei  like  Be,  it  is  unlikely  that 
that  wake  electron-brerasstrahlung  can  compete  with  target-electron-projectile 
nucleus  bremsstrahlung. 


6.  CONCLUSIONS 


In  conclusion,  we  would  like  to  emphasize  areas  requiring  further  study. 
The  Glauber  theory  of  ionization  adequately  explains  projectile  ionization 
cross  sections  at  large  perturbing  charge,  but  the  measured  points  are  about 
25$  higher  than  the  Glauber  calculations  at  small  Z^.  This  may  be  due  to  the 
dominance  of  fwlarization  effects  at  low-Zt  or  due  to  target  electron 
antiscreenlng  effects.  The  development  of  a  theory  of  target  screening 
incorporating  threshold  effects  on  the  electron  ionization  contribution  is 
important. 

Radiative  electron  capture  cross  sections  can  be  calculated  accurately 
using  photoelectric  cross  sections,  and  NRC  cross  sections  can  be  calculated 
with  the  elkonal  approximation  (11K  The  calculated  NRC  cross  sections  still 
differ  by  up  to  a  factor  of  two  from  experiment  in  some  cases. 

The  disagreement  between  calculations  of  PB  and  continuum  x-ray 
measurements  in  Xe+Be  and  U+Be  collisions  is  a  mystery  which  we  have  not 
resolved.  Experimentally,  it  is  desirable  to  determine  whether  this 
discrepancy  is  a  projectile  Z-dependent  or  velocity-dependent  effect.  The 
present  measurements  with  Xe  ions  and  higher-energy,  hlgher-Z  U  ones  can  not 
decide  this.  We  plan  further  studies  with  U  ions  at  different  energies  in  the 
near  future. 
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The  recently  developed  eikonal  theory  for  electron  capture  by  relativistic 
projectiles  is  briefly  reviewed.  Special  attention  is  given  to  the  proper 
choice  of  the  post  or  prior  version  of  the  theory  for  transitions  between 
arbitrary  principal  shells  and  to  a  simple  analytical  formula  for  Is-ls 
transitions.  The  results  from  eikonal  calculations  including  contributions 
from  higher  principal  shells  are  in  good  agreement  with  experimental  data. 


1.  INTRODUCTION 

The  recent  emergence  of  experimental  data  (1,2)  for  electron  capture  at 
relativistic  projectile  velocities  requires  an  extension  of  capture  theory  to 
the  relativistic  regime.  Previous  work  on  relativistic  capture  (3-5)  has  been 
confined  to  the  Oppenieimer-Brlnkraan-Kramers  (OBK)  (3,4)  and  the  second  Born 
(5)  approximation.  The  failure  of  these  theories  to  account  for  the  experi¬ 
mental  cross  sections  suggests  that  a  multiple-scattering  capture  theory  is 
needed  to  explain  the  data  In  the  range  of  100-1000  MeV/amu  projectile 
energy.  We  have  developed  a  relativistic  eikonal  theory  (6,7)  which  In  its 
prior  (post)  form  treats  the  electron-projectile  (electron-target)  interaction 
in  first  order  while  the  electron-target  (electron-projectile)  interaction  is 
treated  in  all  orders  of  perturbation  theory,  albeit  in  an  approximate  way. 

The  conceptual  basis  of  the  approach  has  been  dicussed  in  some  detail  (8,9), 
and  it  has  been  shown  that,  physically,  the  prior  (post)  version  of  the  theory 
describes  a  hard  collision  of  the  electron  with  the  projectile  (target)  nu¬ 
cleus  followed  (preceded)  by  multiple  soft  collisions  with  the  target  (pro¬ 
jectile)  nucleus.  The  nonrelativlstic  eikonal  approximation  renders  good 
agreement  with  experimental  data  for  total  (10)  and  differential  (11)  cross 
sections  close  to  Che  forward  direction. 


2.  OUTLINE  OF  THE  THEORY 

For  a  bare  projectile  (charge  Zp)  impinging  on  a  one-electron  target 
(charge  Z.j.)  with  velocity  v,  the  impact  parameter  dependent  amplitude  In  the 
prior  form  can  be  written  (6),  using  atomic  units,  as 
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Z 

-  i/dt/d3rl4,^(?^.t')jTs  ^  c(,i(?T.e)  (1) 

P 

where  primed  (unprlmed)  quantities  refer  to  the  projectile  (target)  rest  sys¬ 
tems.  The  spinor  transform  S,  represented  by  a  4x4  matrix,  transforms  a 
spinor  from  the  target  frame  to  the  projectile  frame.  Within  the  prior  form 
of  the  eikonal  approximation  the  initial  and  final  wave  functions  are 


4,^  -  0^(?pe“  ^  exp  (-iZ‘I  ,  (2) 

t  T 

where  (jij^  and  i(ij  are  relativistic  target  and  projectile  eigenfunctions  and  Ej^ 
and  Ej-  the  corresponding  elgenenergies  Including  the  electron  rest  mass.  The 
final-state  wave  function  contains  a  phase  distortion  caused  by  the  electron- 
target  interaction  Integrated  from  the  time  of  capture  to  infinity.  The 
associated  target  charge  is  denoted  by  so  that,  by  letting  Z^=0  in  Eq.(2), 
one  may  retrieve  the  OBK  approximation  (3,4). 

From  Eq.(l)  one  derives  the  cross  section  per  electron  averaged  over  the 
initial  and  summed  over  the  final  angular  momentum  projections  as  (6) 

■  2F1--  V  (3) 

Y  j 

where  t|«1/v,  y'd^v^/c^)  '2  and  the  integration  extends  over  the  transverse 
momentum  p^  .  The  integrand  is  expressed  as  the  trace  of  four  4x4  matrices 
that  are  built  from  simple  2x2  Pauli  matrices.  The  density  matrices  F  and  P^ 
characterize  final  and  initial  states,  respectively.  The  density  matrix 
formulation  introduced  in  Ref. (6)  renders  it  unnecessary  to  separately  calcu¬ 
late  (currently  unobservable)  non-spln-f lip  and  spin-flip  transitions  (3-5) 
and  thus  greatly  facilitates  the  calculations.  At  the  same  time,  target  and 
projectile  properties  factor  in  a  simple  way,  so  that  the  P^  and  P^  matrices 
can  be  easily  specified  (6)  for  arbitrary  Initial  and  final  states. 

Explicit  calculations  have  been  performed  (7,2)  for  initial  K,L,M  shells 
and  final  shells  up  to  n^lO.  It  turned  out  (2)  that  only  the  K-shell  had  to 
be  treated  relatlvistlcally,  whereas  for  higher  shells  nonrelativistlc  elec¬ 
tron  motion  yields  sufficiently  accurate  results. 


3.  THE  POST  AND  THE  PRIOR  FORM  OF  THE  THEORY 

The  formulation  in  Eq8.(l)-(3)  has  been  based  on  the  prior  form  of  the 
theory,  the  post  form  being  simply  obtained  by  Interchanging  target  and  pro¬ 
jectile,  l.e.  Zp+Z^,  Z.j.»Zp,  Z^+Zp-Zp  and  Initial  and  final  states.  In  an  asy¬ 
mmetric  theory  like  the  eikonal  approximation,  one  has  to  treat  the  stronger 
one  of  the  two  electron-nucleus  Interactions  non-perturbatlvely  and  the  weaker 
one  In  first  order.  Therefore,  If  Zp<Zj  one  uses  the  prior  form,  and  the  post 
form  Is  used  In  the  opposite  case.  However,  while  this  prescription  is  indis¬ 
putable  for  transitions  between  equal  principal  shells,  one  has  to  take  Into 
consideration  the  weighting  of  the  Coulomb  wave  functions  at  different  elec¬ 
tron-nucleus  separations  If  the  Initial  and  final  principal  quantum  numbers 
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and  dp  are  different.  Since  the  expectation  value  of  the  Coulomb  potential  Is 
equal  to  <Z/r>jj  -  (Z/n)^  Irrespective  of  the  subshell,  the  effective  strength 
of  the  potential  should  be  measured  by  Z/n  rather  than  by  Z.  This  leads  to 
the  prescription  (2): 

If  Zp/dp  <  Z.p/n^,  then  use  the  prior  form, 

If  Z.p/n.j.  <  Zp/np,  then  use  the  post  form.  (4) 

This  rule  may  entail  different  choices  for  different  combinations  of  Initial 
and  final  states  in  the  same  collision  system.  It  Is  presumably  due  to  this 
rule  together  with  the  dominance  of  capture  into  higher  projectile  shells, 
that  for  nonrelatlvlstlc  reactions  +  U(ls)  -►  !!■*■  +  A^^~^^''’(n)  the  prior 

and  not  the  post  form  of  the  eikonal  theory  ( 10)  gives  total  cross  sections  in 
good  agreement  with  experiment  for  2=1, 2, 3. 


4.  A  SIMPLE  ANALYTICAL  FORMULA  AND  ITS  APPLICATION 

For  the  special  case  of  relativistic  Is-ls  transitions  a  simple  closed  for¬ 
mula  has  been  derived  (6)  from  Eq.(3)  using  an  cH.  expansion  ( 0=1/ 137 .036  is 
the  fine-structure  constant)  of  the  electronic  energies  and  wave  functions. 
With  6*1  ( Y“l)/( Y+1)  r'2  and  p_=r|(E£/ y-Ej^)  the  formula  can  be  written  as 
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In  connection  with  the  approximate  result  Eq.(5)  we  wish  to  point  out  a  number 
of  observations:  (a)  If  we  ignore  the  eikonal  phase  distortion  and  put  Z.J.=0, 
we  retrieve  the  approximate  relativistic  OBK  (3,4)  result  (summed  over  non- 
spin-flip  and  spin-flip  contributions),  (b)  In  the  nonrelatlvlstlc  limit 
(y->1.  6-*0),  we  recover  the  exact  nonrelatlvlstlc  eikonal  cross  section,  (c) 
The  term  does  not  depend  on  the  binding  nuclear  charges  and  hence  Is 

Interpreted  as  a  magnetic  contribution  to  capture  mediated  by  the  Interaction 
between  the  relatlvlstlcally  Induced  magnetic  field  and  the  Dirac  magnetic 
moment  of  the  electron,  (d)  Is  composed  of  terms  that  explicitly  Include 


I 


260 


J.  Eichter 


FIGURE  1 

Cross  sections  for  electron  capture  from  a  hydrogenic  Dirac  Is  orbital  of  a 
target  with  nuclear  charge  Zj.  into  a  hydrogenic  Dirac  Is  orbital  of  a  pro¬ 
jectile  with  nuclear  charge  Zp=10.  On  the  upper  edge  of  the  figure  the  rela¬ 
tivistic  parameter  y  is  also  shown.  Each  curve  starts  at  projectile 
velocities  that  are  about  twice  the  R-shell  electron  velocity  in  the  target. 


aZp  or  aZj  and  hence  is  Interpreted  as  a  correction  arising  from  a  rela¬ 
tivistic  modification  of  the  electron  orbitals. 

A  comparison  with  the  results  of  an  exact  numerical  evaluation  of  Eq.(3) 
shows  that  Eq.(5)  is  very  accurate  at  not  too  large  oZp  j  (7).  As  has  been 
observed  for  the  OBK  and  second  Born  approximation  O-bJ,  the  cross  section 
given  by  Eq.(3)  or  (5)  has  an  asymptotic  energy  dependence  as  E~^.  This 
behavior  is  shown  in  figure  1  which  reveals  that  after  a  steep  E~^  fall-off 
the  cross-section  curves  start  to  decline  less  rapidly  (as  E~^)  around  y  =  b 
to  10.  Compared  to  the  OBK  cross  section  (4)  the  eikonal  cross  section  is, 
however,  reduced  (6,7)  by  a  factor  of  5  to  15.  It  is  a  factor  of  this  order 
that  is  needed  to  bring  theory  into  agreement  with  experimental  data. 

Equation  (5)  may  also  be  used  as  an  approximation  (2)  to  obtain  prior  cross 
sections  (averaged  over  initial  and  final  orbital  states)  for  higher  initial 
or  final  principal  shells  by  replacing  Zp  with  Zp/np  and  with  Z.]./n.j,.  In 
the  post  form,  the  role  of  target  and  projectile  and  of  initial  and  final 
state  is  interchanged.  This  scaling  rule  (2)  can  be  partially  justified  (2) 
by  the  observation  that,  nonrelativlstically,  (a)  the  first  and  second-order 
terms  of  the  transition  amplitude  rigorously  scale  with  Zp/Op  and  Zj/n^,  and 
(b)  for  high  velocity  only  these  single  and  double  scattering  terms  contribute 
to  the  nonrelativistic  eikonal  cross  section  (9).  In  fact,  numerical  applica¬ 
tion  of  the  scaled  version  of  Eq.(5)  to  initial  and  final  K,L,M  shells  shows 
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Ep  (M«V/amu)  Ep  (MtV/omu) 

FIGURE  2 

Total  (nonradiative  plus  radiative)  capture  cross  sections  (2)  for  and 

Xe^^"'*’  impinging  on  various  targets  (My  denotes  mylar  foils).  Solid  lines 
represent  eikonal  calculations  using  the  Z/n  criterion  Eq.(4),  dashed  lines 
are  based  on  the  conventional  Z  criterion  for  selecting  between  the  post  and 
prior  form;  see  text.  For  low-Z  targets  such  as  Be  and  mylar,  the  radiative 
electron  capture  (dash-dot  lines)  is  dominant. 


(2)  that  one  may  get  total  cross  sections  that  are  in  surprisingly  good  agree¬ 
ment  with  a  large  body  of  experimental  data. 


5.  RESULTS  AND  DISCUSSION 

The  exact  eikonal  cross  section,  Eq.(3),  has  been  worked  out  and  applied 
(2)  to  a  number  of  target  and  projectile  combinations  for  which  capture  cross 
sections  have  recently  been  measured  (2)  at  the  BEVALAC  in  Berkeley.  It  was 
found  that  for  low-Z  projectiles  with  energies  of  about  1000  MeV/amu,  K-K 
transitions  give  the  main  contribution  to  the  total  cross  section  (although 
K+L,  L-»K  is  not  negligible),  but  that  for  high-Z  ions  of  comparatively  low 
energy  (100-200  MeV/amu),  the  contributions  of  initial  and  final  K,L,M  shells 
are  all  of  comparable  magnitude.  Since  for  Che  eikonal  approximation  to  be 
valid,  the  projectile  velocity  has  to  be  somewhat  (in  principle:  much)  larger 
than  the  electron  velocity  in  the  relevant  shell,  the  dominance  of  higher 
shells  at  lower  projectile  velocities  renders  the  approximation  applicable  to 
the  calculation  of  total  cross  sections  in  a  range  where,  for  K-K  transitions 
alone,  the  criterion  is  no  longer  fulfilled. 

Figure  2  displays  a  comparison  between  measured  and  calculated  (2)  capture 
cross  sections  for  Xe^^'*’  and  Xe^*"*”  projectiles.  The  difference  between  the 


262 


J.  Eichler 


two  sets  of  curves  can  be  ascribed  to  capture  into  Is  states.  It  is  seen  that 
..n  most  cases  the  Z/n  criterion  of  Eq.(4)  (solid  line)  for  choosing  the  post 
or  prior  form  is  in  better  accord  with  the  data.  But,  since  Eq.(4)  is  based 
on  an  estimate  using  a  diagonal  matrix  element,  the  effect  of  the  shell  size 
on  the  effective  Interaction  strength  tends  to  be  overestimated.  Therefore, 
in  some  cases,  the  conventional  Z  criterion  (dashed  line)  appears  to  yield 
better  agreement  with  the  data. 

It  is  concluded  that  on  the  whole,  multiple-scattering  effects  approxi¬ 
mately  embodied  in  the  relativistic  elkonal  approximation  (6)  are  crucial  for 
obtaining  good  agreement  with  measured  capture  cross  sections.  Clearly,  it  is 
to  be  expected  that  in  order  to  reproduce  detailed  cross-section  features  in 
the  lower  velocity  range  one  will  eventually  need  more  detailed  calculations, 
such  as  coupled-channel  calculations. 


ACKNOWLEDGEMENTS 

I  would  like  to  thank  W.  E.  Meyerhof  and  R.  Anholt  for  Inspiring  and  help¬ 
ful  discussions.  For  the  warm  hospitality  extended  to  me  during  my  sabbatical 
year  I  want  to  express  my  gratitude  to  D.  C.  Lorents  and  J.  R.  Peterson  and 
their  colleagues  at  Che  Molecular  Physics  Department,  SRI  Internatloual,  and 
to  W.  E.  Meyerhof  at  the  Department  of  Physics,  Stanford  University. 


REFERENCES 

L)  K.  J.  Crawford,  Ph.D.  Thesis,  University  of  California,  Lawrence  Berkeley 
Laboratory  Report  No.  LBL-8807,  1979  (unpublished);  H-  J.  Crawford, 

L.  Wilson,  D.  Greiner,  P.  J.  Llndstcom,  and  H,  Heckman  (unpublished); 

R,  Anholt,  Phys.  Rev.  A  31  (1985)  3579. 

2)  W,  E.  Meyerhof,  R,  Anholt,  J.  Eichler,  H-  Gould,  Ch.  Hunger,  J,  Alonso, 

P.  Thleberger,  and  H.  E.  Wegner,  submitted  to  Phys.  Rev,  A. 

?;  M.  H.  Mitcleman,  proc,  Phys.  Soc.  London  84  (1964)  453;  R.  ihakeshaft, 
Phys.  Rev.  A  20  (1979)  729. 

4)  B.  L-  Molselwltsch  and  S.  G.  Stockman,  J,  Phys  B  13  (1980)  2975. 

5)  W.  J.  Hura^-hrles  and  B.  L.  Molselwltsch,  J.  Phys  B  17  (1984)  2655. 

6)  J.  Eichler,  Phys,  Rev,  A  32  (1985)  112. 

7)  R.  Anholt  and  J,  Eichler,  Phys.  Rev  A  31  (1985)  3505. 

8)  J.  Eichler  and  H.  Natural,  Z.  Phys-  A  295  (1980)  209. 

9)  L.  J.  Dube  and  J.  Elchier,  J.  Phys  B  18  (1985)  2467. 

10)  J.  Eichler  and  F.  T.  Chan,  Phys,  Rev.  A  20  (1979)  104;  J,  Eichler,  Phys. 
Rev.  A  23  (1981)  498. 

11)  K.  Kobayashi,  N.  Toshima,  and  T.  tshihara,  submitted  to  Phys.  Rev.  A  and 
private  communication. 


tll.tXTROMC  A\D  A  TUMIC  COl.I.ISlONS 
D.C.  l.orents,  W.R.  Meverhof,  J.R.  IXienon  fctJsJ 
©  /Xwier Sciente  hihlislwn  BA'..  l9Rft 


263 


ATOMIC  COLLISIONS  IN  THE  TIME-DEPENDENT  HARTREE-FOCK  APPROACH 


K.  R.  Sandhya  DEVI 

Shell  Bellaire  Research  Center,  Houston,  TX  77001,  USA 
,1.  D.  GARCIA  and  N.  H.  KWONG 

Physics  Department,  University  of  Arizona,  Tucson,  A2  85721,  USA 


Application  of  Time-dependent  Hartree-Fock  approximation  to  atomic  collisions 
is  reviewed.  Merits  and  defects  of  the  approach,  progress  to  date  and  poss¬ 
ible  extension  to  new  areas  like  muon  capture  by  atoms  are  discussed. 


1.  INTRODUCTION 


The  study  of  many-body  collision  dynamics  is  of  importance  both  in 
nuclear  and  atomic  physics  .  Exchange  of  ideas  and  techniques  from  one 
field  to  another  can  therefore  prove  to  be  very  useful.  Further,  as 
quantal  systems  with  well  'nown  interactions,  atomic  systems  provide 
testing  grounds  for  various  approximations  developed  for  many-body 
problems.  Over  the  past  few  years,  collisions  of  nuclei  have  been  studied 
extensively  in  the  framework  of  time-dependent  Hartree-Fock  (TDHF) 
approximation  (1).  It  has  been  shown  that  this  approximation  gives  a 
good  description  of  the  inclusive  aspects  of  the  collision  dynamics.  It 
is  therefore  of  interest  to  see  to  what  extent  this  method  can  be  applied 
to  colliding  atomic  systems.  Of  particular  interest  is  the  ion-atom  or 
atom-atom  collision.  In  these  cases,  the  bulk  of  the  mean  field  arises  from 
the  electron-nucleus  interaction.  The  Hartree-Fock  or  the  mean  field 
approximation  to  electron-electron  interactions  can  therefore  be  expected 
to  be  a  good  apprr''’mation  -  the  truncation  effects  arising  from  the  residual 
correlations  being  'urbative.  Several  groups  have  now  been  actively  engaged 
in  studying  atomic  c..ilisions  in  the  TDHF  approximation  (2-5).  Extension  of 
the  method  to  new  areas  like  muon  capture  by  atoms  is  also  currently  being 
explored  (6). 

Large  amplitude  changes  from  equilibrium  and  rapidly  varying  couplings 
during  atomic  collisions  pose  a  number  of  problems  in  a  theoretical 
treatment  of  the  dynamics.  Traditional  basis  expansion  methods,  when 
extended  to  study  collision  phenomena,  have  to  face  a  number  of  problems 
like  1)  appropriate  choice  of  basis  2)  proper  handling  of  translational 
factors  arising  from  the  nuclear  motion  3)  Inclusion  of  intermediate  continuum 
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states.  An  alternative  approach  which  bypasses  these  difficulties  is  the 
direct  integration  of  dynamical  equations  on  a  space-time  mesh.  Pioneering 
calculations  in  this  regard  were  carried  out  by  Maruhn-Rezwani  et.al.  (4), for 
one  electron  system  (prH),  using  finite  difference  techniques  and  by  Bottcher  (5) 
with  finite  element  techniques.  With  the  present  day  computational  capabilities 
extension  of  direct  integration  technique  to  many  electron  colliding  systems 
appears  feasible  in  the  TDHF  approximation  (2-3). 


2.  THEORY 


For  the  range  of  colliding  energies  of  interest,  an  impact  parameter 
treatment  would  be  assumed  adequate.  The  nuclear  positions  are  determined 
by  a  Coulomb  trajectory  corresponding  to  the  motion  of  two  point  charges. 

With  this  decoupling  of  nuclear  motion,  the  evolution  of  the  many  electron 
system  is  governed  by  the  Schroedinger  equation 

H'i'(ri,r2,---,R,t)  =  ih^  .  (1) 

H  is  the  total  many  electron  Hamiltonian  and  R  is  the  relative  nuclear  coordinate. 
In  the  TDHF  approximation,  the  many-body  wave  function  is  approximated  by  a 
variational  solution  determined  by  the  least  action  principle 

6f  dtfsylH  -  ih3/3tl'i'>l  =  0  (2) 

with  the  constraint 

V  =  det(iiix)  (3) 

at  all  t.  This  variation  results  in  a  set  of  non-linear,  time  dependent, 
single  particle  equations 

HiJx  =  ihix  (4) 

where, 

AT  =5oa'  '5('--r')  {-(h^/2ra) 

2ie^/lr-Ri|  +Z2e^/|r-R2| 

+  e^/dr"  p(r,r'')/|r-r"  I  } 

+  exchange  terms  .  (5) 

Here  o  is  the  one-body  density  given  by 

D  =  I  (6) 

and  o  is  the  spin  coordinate.  Ri  and  R2  are  the  target  and  projectile  nuclear 
coordinates  respectively. 

Since  the  nuclear  motion  is  decoupled  from  the  electronic  motion,  the 
most  appropriate  coordinate  system  to  work  with  is  the  cylindrical  coordinate 
system  with  the  z-axis  along  the  inter-nuclear  axis.  However,  for  non-zero 
impact  parameter  collisions,  effects  arising  from  the  rotation  of  the  nuclear 
axis  have  to  be  considered.  In  this  rotating  coordinate  system,  the  single 
particle  wave  function  can  be  written  as 
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n  =  I  •  (7) 

For  incident  velocities  less  than  the  characteristic  velocities  of 
the  electrons  in  the  atom,  the  electrons  have  time  to  follow  nuclear 
motion.  Therefore  an  axial  symmetry  about  the  inter-nuclear  axis  can  be 
assumed.  This  simplifies  the  computational  efforts  considerably,  since  only 
one  term  in  the  expansion  in  eqn.  7  need  to  be  considered.  As  the  velocity 
increases,  however,  the  axial  symmetry  assumption  breaks  down  due  to  the 
inability  of  the  electrons  to  follow  the  nuclei.  More  and  more  terms  have 
therefore  to  be  taken  into  account  in  the  expansion. 

3.  RESULTS  AND  DISCUSSIONS 

One  of  the  advantages  of  solving  the  dynamical  equations  on  a  space-time 
mesh  is  that  one  can  take  snap  shots  of  single  particle  density  distributions 
(representative  of  the  most  probable  process  at  any  instant  for  a  given  set 
of  initial  conditions)  at  various  times  as  the  collision  proceeds.  Fig.  1 
shows  these  snap  shots  for  He'^'^  *■  He  collision  at  30  KeV.  This  energy 
corresponds  to  a  velocity  much  smaller  than  the  characteristic  velocity  of 
the  electrons  in  He  atom.  Note  the  molecular  type  orbital  formation  at  close 
distances.  A  measure  of  assymetry  about  the  inter-nuclear  axis  is  the  contribution 
to  the  norm  of  the  single  particle  orbital,  from  m=m;^±  1  components  in  eqn.  7. 

This  quantity,  which  is  also  a  measure  of  the  population  of  2piTu  orbital 
through  rotational  coupling  to  Zpog  orbital,  reaches  a  maximum  of  12*  at 
closest  distance  of  approach  and  falls  off  to  3*  asymptotically.  Fig.  2  shows 
the  density  evolution  for  a  high  energy  collision  (250  KeV).  Note  the  development 
of  considerable  assymetry  as  the  ion  and  atom  approach  each  other.  Very  little 
charge  is  transfered  due  to  the  inability  of  the  electron  to  follow  nuclear 
motion.  Imposing  axial  symmetry  can  therefore  result  in  large  spurious  charge 
transfer  probabilities. 

Final  transition  amplitudes  can  be  obtained  by  projecting  the  TDHF  state 
on  to  a  final  single  determinantal  state.  The  cross  sections  are  obtained  by 
integrating  the  corresponding  transition  probabilities  over  all  impact  parameters. 
In  general,  construction  of  final  channel  wave  functions  for  many-body  collisions 
is  extremely  complicated.  However,  if  the  final  states  are  assumed  to  be  single 
determinantal  atomic  states  with  proper  traslation  factors,  the  transition 
probabilities  involve  only  single  particle  overlaps  which  can  easily  be 
calcuted  (3). 

At  this  stage,  however,  it  should  be  noted  that  the  truncation  of  a  full 
many-body  Hamiltonian  to  an  effective  one-body,  non-linear  Hamiltonian  in  the 
TDHF  aprroximation  introduces  spurious  fluctuations  in  the  transition  amplitudes 
which  persist  even  asymptotically  (7).  Since  correlation  effects  are  expecte 
to  be  small  for  ion-atom  collisions,  these  fluctuations  can  also  be  expected 
to  be  small.  Therefore  meaningful  cross  sections  can  be  extracted  for  dominant 
processes  for  a  give  energy  or  for  inclusive  processes  like  total  single, double 
charge  exchange.  This  is  borne  out  by  numerical  calculations  as  well  (3).  There 
exists  a  rigorous  formulation  of  one-body  approximation  to  a  many-body  S-matrix 
wherein  those  fluctuations  are  exactly  removed  (8).  This  formulation  involves 
suitable  averaging  over  many  forward  and  backward  going  TDHF  trajectories.  As 
expected,  numerical  calculations  for  p  <■  He  collisions  indicate  that,  the 
the  inclusive  probabilities  obtained  from  the  S-matrix  formulation  differ  from 
those  obtained  from  TDHF  calculations  by  only  about  6*  (9). 

Inclusive  single  and  double  charge  transfer  probabilities  as  functions  of 
impact  parameter  are  shown  in  Fig.  3  for  He*"^  +  He  collision  at  30  KeV.  The 
oscillations  which  arise  from  the  interference  of  many  channels  available  for 
electrons  during  collision,  have  long  been  predicted  by  Lichten  (10)  in  a 
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FIG.  1  Evolution  of  one-body  density  for  He**  +  He  collision  at  30  KeV 

and  b  =  .8  A.  The  numbers  1,  3,  5  ...  indicate  the  negative  powers 
of  10,  times  the  central  density.  The  •-elative  distances  (R)  are  in 
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Fig.  2  Same  as  Fig.  1  for  250  KeV 
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single  particle,  adiabatic,  molecular  orbital  formulation  of  the  problem.  This 
model  also  predicts  that  the  number  of  oscillations  in  single  charge  transfer 
probability  is  twice  those  in  double  charge  transfer  probability.  This  is  borne 
out  in  the  present  calculations  as  well.  Note  that  the  peaks  are  shifted  when 
rotation  coupling  is  included.  This  can  be  understood  in  terms  of  molecular 
single  particle  model  as  due  to  the  removal  of  degeneracy  between  Zpujj 
and  2pau  levels  by  Coriolis  coupling.  This  splitting  changes  the  difference 
E(ju-  Egg  by  hw  (  w  is  the  angular  velocity  of  rotation  ),  introducing 
a  shift  in  the  peaks  of  charge  transfer  probability  curves. 

Total  double  charge  transfer  cross  sections  from  TDHF  calculations  are 
shown  in  Fig.  4  and  compared  with  the  experimental  data  (11).  Results  of 
molecular  orbital  calculations  of  Harel  and  Salin  (12)  and  those  from  the 
atomic  state  expansion  calculations  of  Mukherjee  et.  al.  (13)  are  also  plotted  for 
comparison.  At  high  energies  TDHF  calculations  give  completely  spurious  results 
when  Coriolis  coupling  is  not  included.  When  this  coupling  is  included  reasonable 
agreement  with  the  data  are  obtained  over  a  wide  range  of  energies. 

The  TDHF  approximation  and  direct  integration  techniques  are  currently 
being  extended  to  the  study  of  muon  capture  process  by  atoms  (6).  Some 
preliminary  results  are  shown  in  Fig.  5.  These  are  muon  and  electron  densities 
at  the  beginning  and  around  the  middle  of  the  collision  for  the  case  of  muon 
collision  with  hydrogen  atom  at  .26  eV  (cm).  Initially  muon  is  represented  by 
a  wave  packet.  As  the  evolution  continues,  at  the  end  of  about  1500  time 
steps  (time  required  for  a  free  muon  to  traverse  twice  the  initial  seperation 
distance),  the  r.m.s  radius  of  muon  decreases  from  1.44  A  to  1.26  A  where 
as  that  of  electron  increases  from  .92  A  tO  1.70  A  indicating  the  electron 
is  being  ionised  due  to  the  shielding  of  proton  by  muon.  Integration  of  muon 
density  around  the  proton  within  a  radius  of  about  2  A  yields  a  rough  value 
of  .8  for  capture  probabilty  at  this  energy. 

4.  CONCLUSIONS 

Summarizing,  the  studies  to  date  indicate  that  the  TDHF  aprroximation  gives 
a  reasonably  accurate  description  of  dominant  collision  processes  in  atomic 
collisions  over  a  wide  energy  range.  Extensions  to  areas  like  muon  capture 
are  currently  being  explored  both  in  terms  of  feasibility  and  accuracy.  The 
method  is  best  suited  for  determining  inclusive  probabilities.  Non-diminant 
collision  processes,  however,  may  not  be  represented  very  accurately  due  to 
the  effects  of  spurious  fluctuations  arising  from  the  truncation  of  the 
Hamiltonian.  More  studies  are  needed  in  this  regard.  Another  disadvantage  is 
the  total  absence  of  certain  channels  in  the  time  evolved  wave  function  due 
to  the  single  determinant  restriction.  An  example  of  this  is  the  triplet  state 
of  He.  Initially  electrons  are  started  off  in  a  singlet  state  (ground  state 
of  He).  This  symmetry  is  frozen  in  at  all  times  since  there  is  no  term  in 
the  TDHF  Hamiltonian  that  breaks  this  synmietry.  Extension  of  the  TDHF 
approximation  to  include  linear  combination  of  determinants  have  to  be 
considered  in  this  regard. 
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Fig.  3  a)  Double  charge  transfer  probability  as  a  function  of  impact 

parameter  for  E  (He*'*')  =  30  KeV.  The  solid  curves  are  from  axial 
symmetric  calculations  and  the  dashed  curves  are  from  those  including 
the  Coriolis  coupling. 

b)  Corresponding  single  charge  transfer  probabilities. 
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F1g.  5  Density  distributions  of  muon  and  electron  in  muon-hydrogen  collision 
at  Ecm  ■  U,27eV.  a)  muon  at  t=0  b)  muon  at  t=  35000  A/c 
c)  electron  at  t=0.  d)  electron  at  t=  35000  A/c. 
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Recent  orooress  in  the  field  of  inner-shell  excitation  in  slow  ion-atom 
collisions  is  reviewed.  The  theoretical  description  of  inner-shell  exci¬ 
tation  in  terms  of  the  molecut ar-orbital  model  is  summarized.  Experimen¬ 
tal  results  as  well  as  the  results  of  theoretical  studies  which  aim  at 
unravel  lino  the  excitation  mechanisms  are  surveyed.  Particular  emphasis 
is  placed  on  the  mechanisms  of  L-shell  and  M-shell  vacancy  production. 


1.  INTRODUCTION 


The  field  of  inner-shell  excitation  in  slow  ion-atom  collisions,  i.e.,  col¬ 
lisions  characterized  hy  impact  velocities  much  smaller  than  the  orbital  ve¬ 
locities  of  inner-shell  electrons,  has  evolved  in  the  past  two  decades  into  one 
of  the  most  active  areas  of  research  in  atomic-col  I i sion  physics.  The  incentive 
to  study  inner-shell  processes  in  slow  collisions  has  arisen  mainly  from  the 
intuitively  attractive  idea  [l-Aj  that  such  collisions  may  proceed  via  the  for¬ 
mation  of  a  di-atomic,  ouasimo lecul ar  collision  complex.  The  picture  of  a  tran¬ 
sient  auasimolecule  implies  the  assumption  that  electronic  transitions  between 
individual  ouasimolecul ar  states  are  the  basic  excitation  mechanisms  in  slow 
ion-atom  collisions.  Since  the  motion  of  inner-shell  electrons  in  the  collision 
complex  is  larqely  determined  by  the  nuclear  Coulomb  fields,  the  auasimolecul ar 
states  are  expected  to  be  well  described  by  an  independent-electron  molecular- 
orbital  (MO)  approximation  [3,4].  The  identification  of  individual  MD  transi¬ 
tions  in  the  transient  auasimolecule  constitutes  the  ultimate  aoal  of  inner- 
shell  studies  in  slow  ion-atom  collisions. 

The  development  of  the  field  until  about  1P75  was  characterized  by  a  rapid 
accumulation  of  experimental  data  from  (differential)  i nel asti c-enerav-loss 
measurements  [Sj  and  from  spectroscopic  (x-rav  and  Auaer-electron)  measurements 
[B-Bj.  The  spectroscopic  investiaations  of  inner-shell  excitation  in  slow  ion- 
atom  collisions  were  mainly  concerned  with  total  cross  sections  for  K-shell 
vacancy  production  [7],  and  only  a  few  studies  of  the  impact  parameter  depen¬ 
dence  of  inner-shell  vacancy  production  based  on  ion-x-ray  and  ion-Auqer-elec- 
tron  coincidence  measurements  were  reported  [R).  These  early  experimental  in- 
vestiqations  were  accompanied  by  the  first  successful  attempts  [9,10 J  to  quan¬ 
titatively  interpret  the  data  in  terms  of  the  MO  model  of  atomic  collisions.  An 
important  result  of  these  analyses  was  the  disclosure  of  2pu-2pa  MO  transitions 
induced  by  the  rapid  rotation  of  the  internuclear  axis  at  small  distances  of 
the  collision  partners  as  the  principal  mechanism  of  K-shell  vacancy  production 
in  collision  systems  involvinq  first-row  ions  and  atoms. 

The  past  decade  has  witnessed  a  tremendous  expansion  of  the  field  with  re¬ 
spect  to  the  number  and  the  deqree  of  sophistication  of  experimental  and  theo¬ 
retical  studies.  Much  interest  has  been  devoted  to  the  investiqation  of  heavy 
collision  systems,  in  particular  of  systems  for  which  the  sum  of  the  charqe 
numbers  of  the  collision  partners  exceeds  the  charqe  number  of  the  heaviest 
known  element  ("superheavy  nuasimolecules") .  The  extension  to  heavier  systems 
has  led  in  a  natural  way  to  systematic  studies  of  vacancy  production  in  the 


I 


274 


U.  Wille 


L-shell  and  in  higher  shells.  In  many  of  these  investigations,  detailed  infor¬ 
mation  on  the  excitation  mechanisms  has  been  derived  by  determining  the  impact 
parameter  dependence  of  inner-shell  vacancy  production  from  ion-x-ray  or  ion- 
Auger-electron  coincidence  measurements.  The  availability  of  beams  of  slow  ions 
in  well-defined,  high  charge  states  has  enabled  one  to  study  the  dependence  of 
inner-shell  vacancy  production  on  pro.iectile  charge  state.  In  addition  to  the 
information  gained  from  the  spectroscopy  of  characteristic  x-rays  and  Auger 
electrons,  insight  into  the  mechanisms  of  inner-shell  vacancy  production  in 
slow  ion-atom  collisions  has  been  obtained  from  the  study  of  continuum  x-ray 
and  Auger-electron  emission  (“quasimolecular  x-rays",  "quasimolecul ar  Auger 
electrons").  On  the  theoretical  side,  particular  attention  has  been  paid  to  the 
construction  of  quasimolecular  single-electron  potentials  suitable  for  dynami¬ 
cal  MO  calcul  ations. 

In  the  present  report,  a  survey  will  be  given  of  recent  progress  in  the 
field  of  inner-shell  excitation  in  slow  ion-atom  collisions.  After  summarizing 
the  MO  description  of  inner-shell  excitation,  we  compile  and  discuss  recent  ex¬ 
perimental  results  ?s  well  as  the  results  of  theoretical  analyses  which,  in  one 
way  or  the  other,  have  contributed  to  the  understanding  of  the  basic  excitation 
mechanisms.  Particular  emphasis  will  be  placed  on  L-shell  and  M-shell  vacancy 
production.  K-shell  vacancy  production  has  been  reviewed  at  the  IhRl  ICPEAC 
conference  [11],  and  selected  new  results  in  this  subfield  will  be  presented  in 
another  review  at  this  conference  [l?].  No  consideration  will  be  given  in  this 
report  to  studies  of  continuum  x-ray  and  Auoer-electron  emission  and  of  suoer- 
heavv  systems.  Specific  aspects  of  these  topics  will  be  surveyed  in  reviews 
presented  elsewhere  at  this  conference  [12,13]. 


2.  MOLECULAR-ORBITAL  DESCRIPTION  OF  INNER-SHELL  EXCITATION 

We  begin  with  a  summary  and  discussion  of  the  theoretical  description  of 
inner-shell  excitation  in  terms  of  the  MO  model  of  atomic  collisions.  We  assume 
throughout  the  validity  of  a  classical  description  of  the  internuclear  motion 
in  the  collision  system  ("impact  parameter  method")  [10].  Accordingly,  we  have 
to  deal  with  an  explicitly  time-dependent  ouantum-mechanical  problem  for  the 
electronic  motion  in  the  collision  complex.  Further,  we  consider  the  many-elec- 
tron  scattering  problem  in  the  one-hole  approximation,  which  corresponds  to 
describing  inner-shell  vacancy  production  in  terms  of  the  "migration"  of  vacan¬ 
cies  initially  present  at  the  Fermi  surface  of  the  collision  complex  down  to 
inner-shell  Mg  deeply  embedded  in  the  Fermi  sea.  Cross  sections  calculated  in 
the  one-hole  approximation  must  be  interpreted  as  inclusive  cross  sections  for 
vacancy  production,  i.e.,  cross  sections  for  vacancy  production  in  a  specific 
atomic  shell  reqardlesss  of  the  final  state  of  excitation  of  the  other  shells 
[14-16].  Experimental  cross  sections  for  inner-shell  vacancy  production  are 
usually  inclusive  cross  sections  which  comprise  contrib-'-ions  from  many  final 
configurations  carrying  a  vacancy  in  the  inner  shell  under  consideration. 

In  the  one-hole  approximation,  the  time-dependent  scattering  wavefunction 
describing  the  "active"  vacancy  is  expanded  as 

K  ♦ 

4'(r;t)  -  I  a.(t)  l..(r;R(t))  (11 

k=l 


where  the  functions  <|ik(r;R(t))  are  basis  functions  depending  parsnetrical  ly  on 
the  time-dependent  internuclear  vector  S(t),  and  the  position  vector  r  is 
referred  to  a  space-fixed  frame  of  coordinates  (spin  degrees  of  freedom  are 
suppressed  throughout].  In  terms  of^MO  wavefunctions  t|<{r';R(t))  referred  to 
body-fixed  (molecular)  coordinates  r',  the  functions  itii(  may  be  expressed  [10] 
as 
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4,^{?;R(t),9(t))  =  \(r';R(t)) 

=  exp{-i  e(t)  1y}  \{r;R(t))  (2) 

where  !„  1s  the  electronic  annular  momentum  perpendicular  to  the  scattering 
plane  (taken  as  the  x-z  plane)  and  e(t)  denotes  the  angle  between  z-axis  and 
internuclear  'ine.  If  inserted  into  the  Schrddinger  enuation  (atomic  units  are 
used  throughout) 

{h(t)  -  i  —)  (k(r;t)  =  0  ,  (3) 

at 

the  expansion  (1)  leads  to  the  system  of  coupled  eguations 

i  N  I  =  M  4  (4) 

for  the  expansion  coefficients  a^  comprising  the  column  vector  4.  The  matrix 
N  is  the  overlap  matrix  with  elements  N|^|^,(t)  =  <iti|^(t)  |  $1^ ,  ( 1 1  > ,  and  the  ele¬ 
ments  of  the  coupling  matrix  M  are  given  by 

'  <*k(t)|h(t)  -  1  ^|♦k.(t)>  .  (3) 

The  (static)  single-electron  Hamiltonian  h(t)  is  assumed  to  have  the  form 

h(t)  =  -  i  ^  v®^*'(r:R(t)l  (fi) 

? 

ef  f 

where  the  effective,  ouasimolecular  potential  v  includes  the  interaction 
with  the  nuclear  charges  as  well  as  screening  corrections  reflecting  the  pres¬ 
ence  of  more  than  one  electron  in  the  collision  complex.  Inserting  the  repre¬ 
sentation  (2)  for  the  basis  functions  tk  eg.  (5)  and  recognizing  that  the 
time  derivative  d/at  is  to  be  performed  with  the  space-fixed  coordinates  r  kept 
fixed,  one  may  decompose  the  coupling  matrix  g  as 

M  =  NiOot  +  .^dyn  ^ 


with  the  matrix  elements  of  the  potential-coupling  part  given  by 

and  those  of  the  dynamlc-cnupl inn  part  given  by 


where 

t^'!(t)  =  -i  R  a,(t)i^|?k.(t)>  (in) 

and 
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=  -  rf  <\{t)|lyl?;^.(t)>  (11) 

5re  the  matrix  elements  of  radial  and  rotational  (Coriolis)  coupling,  respec¬ 
tively. 

The  actual  solution  of  system  (4)  reauires  three  Questions  to  be  decided 
which  have  been  the  siibiect  of  substantial  controversy  in  the  past: 

a*  ^ 

(i)  What  is  the  appropriate  choice  for  the  effective  potential  v  ? 

(ii)  What  is  the  optimum  choice  for  the  basis  functions  (!)|^? 

(iii)  In  which  way  are  the  functions  iti|(  to  be  modified  in  order  that  the  total 
wavi-function  ()j(r;t)  fulfils  correct  scattering  boundary  conditions  at 

t  =  ±  »  ? 

Regarding  question  (i),  the  most  sophisticated  choice  for  the  effective 
potential  v®^^  is  certainly  given  by  the  self-consistent  (two-center)  -..rtree- 
Fock  (HF)  potential.  The  difficulties  arising  in  the  solution  of  the  HF  problem 
at  arbitrary,  fixed  internuclear  distance  R  are  essentially  those  encountered 
by  Quantum  chemists  when  solving  the  (di-atomic)  molecul  ar-s’’ructure  problem  at 
a  given  equilibrium  distance.  The  necessity  in  scattering  calculations  to  ob¬ 
tain  HF  solutions  for  a  large  number  of  R-values,  however,  makes  self-con¬ 
sistent  calculations  of  yS^t  a  laborious  and  expensive  task.  Nevertheless,  HF 
calculations  have  been  performed  for  a  variety  of  guasimol ecul ar  systems  [lOj, 
in  recent  years  particularly  also  in  a  relativistic  framework  [17  j.  The  proper¬ 
ties  of  the  HF  potentials  form  the  standard  to  which  the  properties  of  o*’her 
effective  potentials  are  to  be  compared. 

Effective  guasimolecul ar  potentials  simpler  than  the  HF  p.i'-ential  can  be 
calculated  numerically  within  the  framework  of  Thomas-Fer'i  ('F)  theory  [I8,]"j 
or  can  he  constructed,  in  a  completely  analytic  manner,  fron.  analytic  atomic 
potentials  [?0-22].  The  latter  method  of  constructing  the  ouas ‘mnl ecul ar 
single-electron  potential,  which  is  referred  to  as  the  variable-screening  model 
(VSM),  employs  a  smooth  interpolation  of  the  atomic  screening  parameters  be¬ 
tween  the  united-atom  and  the  separated- atom  limits.  The  compuiing  time  re- 
guired  to  obtain  the  energies  and  wavefunctions  of  the  VFNI  Hamiltonian  at  fixed 
R  is  much  less  than  the  time  spent  for  the  solution  of  the  corresponding  HF 
problem,  in  particular  for  heavy  collision  systems  involving  a  large  number  of 
electrons.  Comparisons  of  the  HF,  Tt^  and  VS*’'  energies  and  wavefunctions  for 
truly  inner-shell  HO  have  shown  that  the  different  methods  give  results  which 
agree  within  the  accuracy  reauired  for  dynamical  MO  calculations,  '..lis  explains 
why  in  recent  years  mainly  the  VSM  as  by  far  the  simplest  method  has  henn  ap¬ 
plied  in  such  calculations. 

When  selecting  the  basis  functions  ty  (or  tj^l  used  in  the  expansion  of  ".he 
total  scattering  wavefunction  for  a  particular  excitation  prnress  (guestior 
(ii)  above),  one  may  optimize  these  functions  in  such  a  way  tnat  the  effort 
spent  in  their  construction  and  in  the  computation  of  coupling  matrix  elemen''s 
becomes  minimum  and/or  that  the  number  of  functions  to  be  used  in  the  expansion 
becomes  as  small  as  possible.  The  most  straightforward  choice  for  the  orbitals 
ifj,,  which,  however,  does  not  necessari  ly  meet  one  of  the  latter  criteria,  is 
that  of  adiabatic  orbitals  i.e.,  orbitals  which  exactly  ciiagona’ize  tie 

Hami 1 toni an  h(  R )  at  fixed  R: 

h(R)  =  c^^'^(R)  .  (IP) 

~ad 

The  orbitals  form  an  orthogonal  set  and  diagonalize  the  potential  coupling 
matrix  .  After  a  trivial  phase  transformation,  th’  coupled  system  (4) 
reduces  in  the  adiabatic  basis  to 

i  a  =  m'^''"  a  (M'l 
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with  yrfyn  given  by  eqs.  ('))  to  (11). 

The  search  for  optimum  basis  sets  in  MO  calculations  has  led  to  the  con¬ 
struction  of  diabatic  orbitals  which  depart  from  the  strictly  adiabatic  MO.  The 
objective  in  defining  diabatic  MO  is  [23,24j  that  these  orbitals  should  diago¬ 
nalize,  at  least  partly,  the  dynamic-coupling  matrix  The  elaboration  of 

this  concept  has  met,  however,  with  considerable  conceptual  and  practical  dif¬ 
ficulties  [25].  Most  interesting  among  the  different  approaches  to  construct 
diabatic  MO  appears  to  be  the  so-called  “dyncuiical-state  representation"  [26] 
in  which  the  rotational-coupling  part  of  ^hyn  diagonalized  along  with  the 
potential  coupling  It  must  be  realized,  however,  that  the  dynamical-state 

basis  depends  on  bo5h  impact  parameter  and  collision  velocity.  In  general,  it 
appears  that  the  notion  of  diabatic  MO  is  most  useful  in  the  context  of  a  gua- 
litative  discussion  of  inner-shell  excitation,  in  which  "diabatic  correlations" 
[27-20]  are  constructed  to  connect  the  separated- atom  and  united-atom  orbitals 
of  a  collision  system.  In  recent  years,  MO  calculations  using  the  coupled-state 
approach  have  been  oerformed  almost  exclusively  in  the  adiabatic  basis. 

Adiabatic  MO  (or  any  diabatic  MO  which  merge  in  the  adi  abatic  MO  at  large 
internuclear  distances),  if  used  in  the  expansion  of  the  total  scattering  wave- 
function  (t)(r;t),  fail  to  properly  take  into  account  the  translational  motion 
along  with  one  or  the  other  nucleus,  which  the  electron  (or  vacancy)  experien¬ 
ces  at  large  internuclear  distances.  Accordingly,  the  wavefunction  (t(r;t)  does 
not  fulfil  the  correct  scattering  boundary  conditions  at  t  =  ±  “  (we  assume  the 
time-zero  to  correspond  to  the  minimum  internuclear  distance  reached  during  the 
collision).  It  was  realized  early  [30]  that  the  latter  deficiency  of  the  adia¬ 
batic  basis  can  be  remoyed  (guestion  (iii)  aboye)  by  multiplying  the  adiabat’c 
MO  by  plane-wave  factors  ("translational  factors")  corresponding  to  the  elec¬ 
tronic  translational  motion  at  R  =  ■».  With  decreasing  internuclear  distance, 
the  modified  MO  basis  including  the  asymptotic  plane-wave  factors  becomes  pro¬ 
gressively  inadequate  since  the  electrons  tend  to  increasingly  "forget"  to 
which  nucleus  they  had  been  attached  at  large  distances.  In  the  united-atom 
limit  no  net  translational  motion  should  be  left  in  the  electronic  basis  func¬ 
tions.  This  aspect  can  be  taken  into  account  by  introducing  [31]  into  the 
plane-wave  translational  factors  a  "switching  function"  which  smoothly  interpo¬ 
lates  between  zero  translational  velocity  in  the  united-atom  limit  and  the 
full,  asymptotic  velocity  at  infinite  internuclear  distances.  While  many  at¬ 
tempts  have  been  made  towards  ab  initio  calculations  of  the  switching  function 
[25],  it  appears  that  in  actual  MO  calculations  on  inner-shell  excitation  one 
must  rely  on  phenomenological  (parametrized)  forms  for  this  function.  Usually, 
present-day  calculations  employ  a  common  translational  factor  for  all  MO  under 
consideration,  thereby  preserving  the  orthogonality  of  the  adiabotic  basis.  It 
should  be  noted  that  the  primary  ouasimolecul ar  processes  leading  to  inner- 
shell  vacancy  production  essentially  take  place  at  fairly  small  internuclear 
distances  (see  below)  and  that,  accordingly,  their  description  is  expected  to 
he  largely  independent  of  the  particular  form  chosen  for  the  switching  func¬ 
tion.  Only  specific  MO  transitions  at  large  internuclear  distances,  which  de¬ 
cide  whether  an  electron  or  vacancy  eventually  ends  up  in  one  or  the  other  col¬ 
lision  partner  (and  which  therefore  are  associated  with  large  momentum  trans¬ 
fers),  will  be  sensitive  to  the  specific  choice  of  translational  factors. 

In  order  to  visualize  the  mechanisms  of  inner-shell  vacancy  production  in 
slow  ion-atom  collisions,  one  usually  uses  MO  correlation  diagrams,  i.e.,  dia¬ 
grams  in  which  the  energies  c|<(R)  of  guasimolecul ar  orbitals  are  plotted  as 
function  of  internuclear  distance  R.  MO  correlation  diagrams  allow  those  orbi¬ 
tals  to  be  selected  which  actively  participate  in  a  certain  type  of  excitation 
process  and  which  therefore  should  be  included  in  a  dynamical  calculation  per¬ 
taining  to  this  process.  As  an  example  for  an  MO  correlation  diagram,  we  show 
in  Fig.  1  the  adiabatic  diagram  for  the  Kr-Kr  collision  system  [32],  calculated 
from  the  variable-screening  model. 

An  important  feature  of  MO  correlation  diagrams,  which  becomes  apparent  from 
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FIGURE  1 

Adiabatic  MO  correlation  dia- 
ijram  for  the  Kr-Kr  system, 
calculated  from  the  variable- 
screening  model  [21].  Full 
(broken)  curves  denote  "qera- 
de"  ("unqerade")  orbitals. 

The  diabatic  4fo,  4fn,  4f6 
and  4fi))  energy  curves  have 
been  obtained  from  the  adia¬ 
batic  curves  by  ignoring  the 
screening  gaos  at  close 
avoided  crossings.  The  heavy 
arrow  indicates  the  possibi¬ 
lity  of  direct  4fo  ioniza¬ 
tion.  (From  Ref.  [32].) 


Fig.  1,  is  the  occurrence  of  energetically  promoted  MO,  i.e.,  of  MO  whose  bind¬ 
ing  energy  decreases  rapidly  in  a  narr-ow  ll-ranqe  when  small  internuclear  dis¬ 
tances  R  are  approached.  If  promoted  MO  become  near-degenerate  to  unoccupied 
MO,  electronic  transitions  are  likely  to  occur.  In  the  diagram  of  Fig.  1,  the 
promoted  4fo  MO  (in  diabatic  notation)  is,  at  small  R-values,  near-degenerate 
to  the  other  MO  emerging  from  the  united-atom  4f  shell.  Vacancies  initially 
present  in  the  (asymptotically  empty)  dfif  MO  may  then  be  transferred  into  the 
4fa  MO  via  4f $-4f 6-4f Ti-4f o  rotational  coupling  and  eventually  give  rise  to  Kr 
L-shell  vacancy  production.  As  indicated  by  the  heavy  arrow  in  Fig.  1,  4fo  ex¬ 
citation  in  the  Kr-Kr  system  may  be  accomplished  also  by  direct  coupling  to  the 
continuum  ("direct  MO  ionization”)  at  very  small  internuclear  distances.  In 
lighter  collision  systems,  for  example  in  the  Ar-Ar  system,  the  4fo  MO  is  not 
bound  at  R  =  0,  but  effectively  merges  in  the  continuum  at  a  fairly  large, 
"critical"  internuclear  distance  .  In  this  case,  it  is  appropriate  to  assume 
[33]  that  the  Afo  electrons  are  excited  virtually  with  unit  probability  into 
the  continuum  if  the  internuclear  distance  falls  below  R(-.  The  impact  parameter 
dependence  of  the  excitation  probability  associated  with  this  "promotion  into 
the  continuum"  is  expected  to  be  well  approximated  by  a  unit  step  function. 

The  analysis  of  correlation  diagrams  like  the  one  shown  in  Fig.  1  leads  to 
distinguish  three  types  of  mechanisms  which  may  be  responsible  for  primary  va¬ 
cancy  production  in  the  guasimolecular  collision  complex: 

(i)  electron  promotion  into  the  continuum  (example:  4fo  promotion  in  Ar-Ar); 

(ii)  rotationally  induced  transitions  in  the  vicinity  of  the  united-atom  (n,l) 
shells  (examples:  2po  excitation  via  2pn-2po  rotational  coupling,  3do  ex¬ 
citation  via  3d6-3dit-3da  rotational  coupling,  4fa  excitation  via  4f(;)-4f5- 
4fn-4fo  rotational  coupling); 
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(i1i)  direct  MO  ionization  at  very  small  internuclear  distances  (examples:  ?po, 
2da,  4fa  ionizationl. 

The  relative  importance  of  these  mechanisms  depends  on  the  charge  numbers  of 
the  collision  partners  (particularly  on  the  asymmetry  of  the  system)  and  on 
collision  yelocity  and  impact  parameter  (particularly  on  the  minimum  internu¬ 
clear  distance  reached  in  the  collision)  as  well  as  on  the  availability  of  va¬ 
cancies  in  specific  incoming  MO.  The  final  distribution  of  vacancies  over  the 
various  separated- atom  shells  is  not  only  decided  by  the  primary  vacancy  pro¬ 
duction  processes  at  small  internuclear  distances,  but  also  by  "vacancy  sharing 
processes"  at  large  distances  on  the  outgoing  branch  of  the  collision,  which 
are  mainly  effected  by  radial  couplings.  An  example  for  such  type  of  process  is 
provided  by  2pa-lsa  vacancy  sharing  in  slightly  asymmetric  collision  systems. 

The  theoretical  treatment  of  rotational ly  induced  excitation  as  well  as  of 
vacancy  sharing  processes  is  usually  possible  within  coupled-state  calculations 
involving  a  fairly  small  nunber  of  rotationally  or  radially  coupled,  bound 
MO.  Electron  promotion  into  the  continuum  involves  a  large  number  of  loosely 
bound  MO  as  well  as  the  continuum.  An  explicit  coupled-state  treatment  of  this 
mechanism  is  prohibitively  complicated,  but  fortunately  one  may  resort  to  the 
simple  description  in  terms  of  the  "critical"  promotion  distance  which  has 
been  alluded  o  above.  Direct  MO  ionization  in  the  sense  defined  above  is  also 
hardly  accessible  to  a  full  coupled-state  solution.  A  first-order  solution  of 
this  problem  has  been  obtained  [34]  in  the  strict  united-atom  limit.  In  this 
limit,  direct  MO  ionization  can  be  viewed  as  being  caused  by  the  perturbation 
of  the  united-atom  orbital  due  to  the  "coherent"  motion  of  projectile  and  tar¬ 
get  nucleus. 

A  detailed  qualitative  survey  of  the  mechanisms  of  inner-shell  vacancy  pro¬ 
duction  in  slow  ion-atom  collisions  can  be  ^ound  in  Ref.  [?h]. 


3.  K-SHELL  VACANCY  PRODUCTION 

Recent  investigations  of  K-shell  vacancy  production  in  slow  ion-atom  colli¬ 
sions  have  mainly  aimed  at  a  detailed  understanding  of  the  role  olaved  in  this 
type  of  process  by  rotationally  induced  transfer  of  vacancies  out  of  the  2du 
MO  into  the  Poo  MO  at  small  internuclear  distances.  Simple  theoretical  consi¬ 
derations  [10, 2S]  lead  to  the  prediction  that  the  impact  parameter  dependence 
of  the  excitation  probability  associated  with  Ppn-Ppo  rotational  coupling  exhi¬ 
bits,  at  not  too  low  collision  velocity,  a  double-hump  structure.  The  "kinema¬ 
tic"  maximum  at  small  impact  parameters  b  (corresponding  to  center-of  mass  ion 
scattering  angles  9(;m  =  90°)  is  of  purely  geometric  origin, „and  its  shape  is 
determined  in  the  sudden  approximation  [?5]  by  P(ecM)  "  5in^  if  one  vacan¬ 

cy  is  assumed  to  be  initially  present  in  the  Ppm^  MO.  The  "adiabatic"  maximum 
shows  up  at  larger  b-values,  and  its  position  and  height  depend  on  the  Ppn-Ppo 
energy  splitting  Appit-Ppo(*^)  •  b-dependence  of  the  Ppu-Ppo  excitation  nroba- 
bility  for  an  arbitrary  combination  of  collision  partners  can  be  approximately 
obtained,  over  the  full  b-range,  by  scaling  [35]  the  coupled-state  solution  for 
a  particular  system.  If  a  description  of  the  internuclear  motion  in  terms  of  a 
straight-line  trajectory  is  employed  (which  usually  is  appropriate  for  b-values 
in  the  range  of  the  adiabatic  maximum),  the  scaling  law  predicts  the  Ppn-Ppo 
excitation  probabilities  for  different  collision  systems  and  collision  veloci¬ 
ties  to  fall  on  a  universal  curve  if  the  probabilities  are  plotted  as  function 
of  the  reduced  impact  parameter  b'  =  (a/vo)l/3  b,  where  a  is  the  coefficient  in 
a  guadratic  approximation  to  the  Ppn-Ppa  energy  splitting  (A2pn-2pa  "  “  ^nd 
vq  is  the  collision  velocity. 

In  Fig.  ?,  the  experimental  K-shell  vacancy  production  for  various  near-sym¬ 
metric  collisions  involving  gas  targets  [36]  is  plotted  as  function  of  the  re¬ 
duced  impact  parameter  b'.  The  full  curve  is  the  universal  curve  given  by  the 
Ppn-Ppo  scaling  law,  normalized  to  one  incoming  Ppn^  vacancy.  The  peak  values 
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FIGURE  2 

Impact  parameter  dependence  of  K-shell  vacancy  production  in 
near-s.ymmetric  collisions  involving  gas  targets.  The  abscis¬ 
sa  is  defined  in  terms  of  the  reduced  impact  parameter  b'  ex¬ 
plained  in  the  text.  (From  Ref.  [36].) 


of  the  experimental  data  sets  have  been  normalized  to  the  peak  value  of  the 
theoretical  curve.  The  good  overall  agreement  between  theory  and  experiment 
suggests  that  the  maximum  seen  in  the  data  indeed  reflects  the  adiabatic  maxi¬ 
mum  of  2p!t-2pa  rotational  coupling.  Notably  enough,  the  agreement  not  onlv 
holds  for  systems  involving  first-row  ions  and  atoms,  in  which  2pu  vacancies 
are  carried  into  the  collision,  but  also  for  heavier  s.ystems  in  which  outer- 
shell  interactions  at  an  early  stage  of  the  collision  are  responsible  for  2d:-. 
vacancy  production.  The  fact  that  at  small  b' -values  the  experimental  data  are 
somewhat  larger  than  the  calculated  vacancy  production  can  he  partly  ascribed 
to  the  use  of  straight-line  internuclear  tra.iectories  in  the  calculation  of  the 
theoretical  curve  of  Fig.  2.  Use  of  curved  tra.iectories  makes  the  theoretical 
vacancy  production  at  small  impact  parameters  rise  towards  the  kinematic  maxi¬ 
mum.  Closer  inspection  shows,  however,  that  the  data  systematically  tend  to 
stay  above  the  theoretical  vacancy  production  in  the  range  between  kinematic 
and  adiabatic  maximum  ("filling  of  the  valley"  [37]).  Explanations  for  this 
filling  can  be  sought  for  in  an  inadeguacy  of  the  scaling  law  for  2Dn-2po  rota¬ 
tional  coupling  and/or  in  a  breakdown  of  the  two-state  approximation,  particu¬ 
larly  in  direct  coupling  of  the  2po  MO  to  the  continuum.  No  conclusive  answer 
has  been  found,  however,  to  this  question. 

The  detailed  shape  of  the  kinematic  maximum  of  2Dn-2po  rotational  coupling 
has  been  explored  in  a  number  of  measurements  extending  to  0(;m  =  180°.  Figure  3 
shows  results  for  the  I-Aq  system  at  60  MeV  collision  energy  [38]  in  comparison 
to  theoretical  curves  corresponding  to  the  sudden  approximation  and  to  the 
2o7i-2pa  scaling  law  based  on  curved  internuclear  trajectories.  Good  agreement 
between  experiment  and  theory  is  observed.  A  similar  agreement  has  been 
achieved  for  the  Ca-Ti  system  at  30  MeV  collision  energy  [39]. 

The  agreement  between  theory  and  the  gas-target  data  in  Fig.  2  does  not  ful¬ 
ly  extend  to  collisions  involving  solid  targets.  Figure  4  shows  solid-target 
data  for  different  collision  systems,  plotted  as  function  of  the  reduced  impart 
parameter  b'  (the  normalization  of  the  data  is  the  same  as  in  Fig.  2).  While 
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FIGURE  3 

K-shell  vacancy  production  in  60 
MeV  I-Aq  collisions,  plotted  as 
function  of  the  center-of-mass 
ion  scatterir.q  angle  9cM- 
curve;  prediction  of  the  sudden 
approximation;  broken  curve: 
prediction  of  the  2pn-2pcj  scal¬ 
ing  law.  The  theoretical  curves 
have  been  arbitrarily  normalized 
to  the  experimental  data.  (From 
Ref.  [38].) 
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FIGURE  4 

Same  as  Fig.  2,  for  near-symmetric  collisions  involving  solid 
targets.  (From  Ref.  [36].) 


the  different  data  sets  in  Fig.  4  exhibit  a  broad  maximum,  the  b'-values  about 
which  the  experimental  maxima  are  centered  are  roughly  by  a  factor  of  two  smal¬ 
ler  than  the  corresponding  value  for  the  theoretical  maximum.  This  "shift  of 
the  adiabatic  maximum"  is  not  understood  hitherto.  The  basic  difference  between 
collisions  in  (thin)  gas  targets  and  in  solid  targets  lies  in  the  possibility 
of  multiple  collisions  in  solid  targets.  Multiple  collisions  are  expected  to 
influence  K-shell  vacancy  production  mainly  in  two  ways.  First,  due  to  previous 
collisions  with  target  atoms,  the  charge  state  of  projectile  ions  which  undergo 
K-vacancy-producing  collisions  may  differ  from  the  initial  charge  state.  In 
collision  systems  in  which  the  L-shells  of  the  collision  partners  are  initially 
occupied,  L-shell  vacancies  may  be  created  in  collisions  prior  to  the  K-vacan- 
cy-producinq  collision  and  may  enhance  the  number  of  2pn  vacancies  available  in 
the  latter  collision.  Such  an  enhancement  possibly  provides  an  explanation  for 
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the  fact  that  the  observed  K-shell  vacancy  production  [11]  in  (sol id-tarqet) 
Br-Se  and  Br-Rh  collisions  is  much  larqer  than  the  vacancy  production  in  the 
fqas-tarqet)  Br-Kr  system.  Reqardinq  the  impact  parameter  dependence  of  K-shell 
vacancy  production,  this  dependence  will  certainly  be  influenced  to  some  extent 
by  the  mechanisms  of  L-shel I  vacancy  production  in  previous  collisions,  but 
there  are  no  conclusive  arquments  that  these  mechanisms  conspire  in  such  a  way 
that  the  adiabatic  maximum  of  2pit-2po  rotational  couplinq  is  systematically 
shifted  to  smaller  impact  parameters.  Second,  multiple  collisions  in  solid  tar- 
qets  may  in  principle  prohibit  the  unambiquous  assiqnment  of  an  impact  para¬ 
meter  to  a  specific  ion  scatterinq  anqle  because  the  ion  may  underqo,  after  the 
close  collision  in  which  a  K-vacancy  has  been  produced,  further  (elastic  or  in¬ 
elastic)  collisions.  Since,  however,  successive  close  collisions  are  rather  un¬ 
likely,  one  may  expect  the  impact  parameter  dependence  of  K-shell  vacancy  pro¬ 
duction  in  solid  tarqets  to  be  a  well-defined  concept. 

Much  information  on  the  mechanisms  of  K-shell  vacancy  production  in  slow 
ion-atom  colli'iions  has  been  qained  in  recent  years  by  studyinq  the  dependence 
of  this  type  of  process  on  projectile  charqe  state.  Of  particular  interest  is 
the  use  of  hiqhly  charqed,  h^avy  projectiles  carryinq  L-shell  vacancies.  Varia¬ 
tion  of  the  number  of  L-shell  /acancies  provides  a  test  of  the  ?pn-2pc!  rota¬ 
tional -coupl  i  nq  theory  which  predicts  K-shell  vacancy  production  to  be  propor¬ 
tional  to  the  number  of  projectMe  2p  vacancies.  Studies  ut  K-shell  vacancy 
production  usinq  hiqhly  charqed,  slow  ions  will  be  discussed  in  detail  in  the 
review  qiven  by  Schuch  [12]  at  this  conference.  Therefore,  we  confine  ourselves 
here  to  presentina  two  examoles  which  seem  particularly  instructive. 

In  Fiq.  5,  total  cross  sections  for  Xe  K-shell  vacancy  production  in  Smd'''.xe 
collisions  [4n]  are  shown  as  function  of  projectile  charqe  state  a.  A  rapid 
(linear)  increase  of  the  cross  section  is  seen  to  set  in  at  o  =  S3,  i.e.,  when 
the  projectile  starts  to  carry  2p  vacancies  into  the  collision.  The  analysis  of 
the  cross  section  increase  for  o  >  52  has  shown  [40]  that  the  data  are  compa¬ 
tible  with  the  prediction  of  a  relativistically  corrected  [41]  2pii-2oo  rota- 
t1 onal -coupl i no  model.  The  slow  increase  of  the  Xe  K-shell  cross  section  set- 
tinq  in  already  at  q  =  45,  i.e.,  when  the  Sm  3p  shell  starts  to  carry  vacancies 
into  the  collision,  cannot  be  easily  unoerstood  because  a  1 aroe  number  of  indi¬ 
vidual  MO  transitions  may  contribute  to  vacancy  transfer  from  the  Sm  M-shell 
i nto  the  Xe  K-shel 1 . 

Fiqure  6  displays  the  impact  parameter  dependence  of  K-shell  vacancy  produc¬ 
tion  in  3.6  MeV/nucleon  Xed'‘’-Xe  collisions  [42]  for  projectile  charqe  states 
q  =  43,45,47.  The  increase  in  the  vacancy  production  with  increasinq  q  reflects 
the  fact  that  for  q  =  45  and  47  one  and  three  L-shell  vacancies,  respectively, 
are  present  in  the  projectile  ion.  For  q  =  45,  the  experimental  data  are  com¬ 
pared  to  theoretical  curves  correspond! nq  to  non-rel ativi Stic  [35]  and  relati¬ 
vistic  [41]  2pn-2pa  rotational  couplinq.  The  relativistic  calculation  appears 
to  be  in  better  aqreement  with  the  data  than  the  non-rel ati vi Stic  result. 

The  relative  distribution  of  vacancies  over  the  K-shells  of  the  liqhter  and 
heavier  partner  in  near-symmetric  collision  systems  is  determined  by  2pa-lsu 
vacancy  sharinq  processes.  Extensiye  studies  haye  shown  that  the  observed  shar- 
inq  ratios  in  heavy  collision  systems  [43]  can  be  explained  quite  well  in  terms 
of  the  analytic  flemkov-Meyerhof  model  [44].  Substantial  discrepancies  between 
the  predictions  of  this  model  and  the  experimental  data  have  been  found  for 
liqht  collision  systems,  in  particular  for  systems  with  united-atom  charqe  num¬ 
ber  smaller  than  15.  In  the  latter  case,  a  better  description  of  2oo-lso  yacan- 
cy  sharinq  can  he  achieyed  [45]  by  applyinq  the  two-state  model  of  Nikitin  [46] 
with  parameter  values  determined  from  fits  to  realistic  MO  enerqy  differences. 
Interestinq  effects  have  recently  been  disclosed  in  studies  of  "double-passaqe" 
2po-lsa  vacancy  sharinq  usinq  hydroqen-like  projectile  ions  which  serve  to  car¬ 
ry  one  Iso  vacancy  into  the  collision  complex.  Pertinent  results  will  be  dis¬ 
cussed  in  the  review  presented  by  Schuch  [12]  at  this  conference. 
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FIGURE  5 

nependence  of  the  total  cross 
section  for  Xe  K-shell  vacancy 
production  in  3.6  MeV/nucleon 
and  4.7  MeV/nucleon  Sm'5'''-Xe  col¬ 
lisions  on  projectile  charqe 
state  q.  Full  and  broken  curves 
are  drawn  to  quide  the  eye  on¬ 
ly.  The  vertical  bars  labelled 
by  subshell  quantum  numbers  mark 
those  q-values  at  which  the  cor- 
respondinq  subshells  start  to 
carry  vacancies  into  the  colli¬ 
sion.  (From  Ref.  [40].) 
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FIfilIRE  6 

Impact  parameter  dependence  of 
X-shell  vacancy  production  in 
Xed''’-Xe  collisions  for  different 
charqe  states  q.  Full  (broken) 
curve:  prediction  of  non-relativis- 
tic  (relativistic)  2ptc-2po  rota- 
tional -coupl i nq  theory.  (From  Ref. 

[42].) 


In  strongly  asymmetric  collision  systems,  direct  Iso  ionization  may  prevail 
as  the  dominant  mechanism  of  K-shell  vacancy  production  in  the  heavier  part¬ 
ner.  The  study  of  Iso  vacancy  production  is  of  particular  relevance  in  very 
heavy  collision  systems  leadinq  to  the  formation  of  superheavy  quasimolecules. 
We  shall  not  qo  into  details  here  because  these  matters  will  be  discussed  in 
another  review  at  this  conference  [13]. 
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4.  L-SHELL  VACANCY  PRODUCTION 

The  process  of  L-shell  vacancy  production  in  slow  lon-atoin  collisions  has 
been  of  basic  importance  in  the  conceptual  development  of  the  MO  model  of 
atomic  collisions  [3],  However,  systematic  investigations  exploring  the  details 
of  the  guasimolecul ar  mechanisms  of  L-shell  vacancy  production  have  been  under¬ 
taken  only  in  the  past  few  years.  In  the  following,  we  describe  the  progress 
made  in  this  subfield  by  first  considering  light  collision  systems  including 
the  prototype  system  Ar-Ar  as  well  as  near-symmetric  systems  involving  argon 
as  one  of  the  collision  partners.  Subseguently,  heavy  collision  systems  will  be 
discussed,  with  particular  consideration  of  the  prototype  case  Kr-Kr. 

4.1.  Light  collision  systems 

Experiments  relevant  to  L-shell  vacancy  production  in  Ar-Ar  collisions  were 
first  performed  by  Everhart  and  coworkers  [47,48j  and  by  Afrosimov  et  al .  [49j, 
who  observed  step-like  rises  in  the  inelastic  energy  loss  as  function  of  mini¬ 
mum  internuclear  distance  Rq  when  Rq  dropped  below  about  0.5  and  0.2  a.u.,  re¬ 
spectively.  These  results  were  linked  to  Ar  L-shell  vacancy  production  by  Fano 
and  Lichten  [3,4]  who  associated  peak  structures  in  the  inelastic-energy-loss 
spectra  to  the  excitation  of  a  definite  number  of  Ar  L-shell  electrons,  in  ad¬ 
dition  to  a  certain  number  of  M-shell  excitations.  More  specifically,  Fano  and 
Lichten  ascribed  the  steep  rise  in  the  inelastic  energy  loss  at  Rg  =  0.5  a.u. 
to  electron  promotion  along  the  diabatic  4fo  MO  in  the  guasimolecul ar  collision 
complex.  The  early  spectroscopic  measurements  of  total  cross  sections  in  light 
collision  systems  [33,50-53]  essentially  confirmed  4fo  promotion  as  the  domi¬ 
nant  mechanism  of  L-shell  vacancy  production  in  the  lighter  collision  partner. 

Finer  details  of  the  guasimolecular  mechanisms  of  L-shell  vacancy  production 
have  been  disclosed  by  performing  ion-Auoer-electron  and  ion-x-ray  coincidence 
measurements.  Thomson  et  al.  [54,55],  who  measured  ion-Auger-electron  coinci¬ 
dences  in  the  Ar-Ar  collision  system  for  a  single  proiectile  scattering  angle 
and  a  variety  of  collision  energies,  observed  a  step  in  the  Auger-electron  pro¬ 
duction  when  Rq  dropped  below  about  0.2  a.u.  At  this  position,  also  the  inelas¬ 
tic-energy-loss  measurements  had  revealed  a  step-like  rise.  Thomson  [55]  as¬ 
cribed  the  rise  in  the  Ar-L  Auger-electron  production  to  the  onset  of  rota¬ 
tional  1y  induced  excitation  of  3dii  and  3do  electrons  into  the  initially  empty 
3d6  MO.  Schmid  and  Garcia  [5fi]  approximately  solved  the  3d6-3dn-3do  rota¬ 
tional-coupling  problem  and  obtained,  by  superimposing  the  contribution  of  this 
excitation  mechanism  and  of  4fo  promotion,  satisfactory  agreement  between  their 
calculations  and  thp  experimental  data  of  Thomson  el  al. 

The  impact  parameter  dependence  of  L-shell  vacancy  production  in  Ar-Ar  col¬ 
lisions  at  300,  500  and  700  keV  collision  energy  has  been  investigated  both  ex¬ 
perimentally  and  theoretically  by  Shanker  et  al.  [57].  In  the  experimental  part 
of  this  study,  Ar-L  Auger  electrons  were  detected  in  coincidence  with  scattered 
projectile  ions.  The  theoretical  analysis  of  the  experimental  data  of  Shanker 
et  al.  assumed  4fo  promotion  and  3d6-3dn-3do  rotational  coupling  to  be  the  re¬ 
levant  excitation  mechanisms.  The  3d6-3dn-3do  rotational-coupling  problem  was 
numerically  solved  by  using  united-atom  values  for  the  coupling  matrix  elements 
as  well  as  (diabatized)  MO  energies  computed  from  the  variable-screening  model. 
The  number  of  incoming  3d6  vacancies,  N3t)5,  was  used  as  a  fitting  parameter 
whose  value  was  determined  separately  at  each  collision  energy  by  adjusting 
the  total  theoretical  vacancy  production  to  the  experimental  data  in  the  range 
of  impact  parameters  b  <  0.25  a.u. 

Figure  7  displays  the  results  of  Shanker  et  a1.  At  300  keV  collision  energy, 
the  experimental  vacancy  production  at  large  impact  parameters  exhibits  a  steep 
rise  towards  a  value  of  two,  which  sets  in  at  b  =  0.5  a.u.  and  which  obviously 
corresponds  to  the  rise  seen  at  Rq  =  0.5  a.u.  in  the  i nel ast i c-energy-loss  data 
and  in  the  coincidence  data  of  Thomson  et  al.  For  all  collision  energies,  a 
further  rise  in  the  measured  impact  parameter  dependence  of  Ar  L-shell  vacancy 
production  sets  in  at  b  ^  0.25  a.u.  The  shapes  of  the  experimental  data  are 
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FIGURE  ? 

Impact  parameter  dependence  of  L-shell  vacancy  production  in 
Ar-Ar  col1is'nn<;  at  different  collision  energies  Eq.  The 
broken  curve  gives  the  theoretical  nredirtion  corresponding 
to  4fa  promotion.  (From  Ref.  [57].) 


guite  well  reproduced  by  the  theoretical  results  for  4fo  promotion  plus  3du- 
3dn-3do  rotational  coupling,  with  fitted  values  of  N3(j5  ranging  between  1.5  and 
2.0.  The  enhancement  of  the  measured  vacancy  production  in  the  range  b  <  0.25 
a  II.  i  c  intor'""'’*’od  as  the  ion  of  the  gd’ahati/-  mav’m""’  of  3d5.3dn-3ds 

rotational  coupling.  In  the  700  keV  data,  some  indication  is  found  for  the  ap¬ 
pearance  nf  a  kinematic  maximum  which,  according  to  the  sudden  approximation 
[25],  is  predicted  to  occur  at  an  impact  parameter  corresponding  to  Sqivi  =  RCP . 

A  number  of  recent  investigations  have  considered  the  role  of  3d6-3dit-3do 
rotational  coupling  in  near-symmetric,  light  collision  systems.  In  near-svmme- 
tric  svstems,  3ds  excitation  is  expected  to  contribute  to  L-shell  vacancy  pro¬ 
duction  in  tho  liohi-er  collision  partner,  while  3da  excitation  should  give  rise 
to  L-shell  vacancy  production  in  the  heavier  Martner. 

In  the  study  of  Schneider  et  al.  [58],  total  cross  sections  for  Si -L  and 
Ar-L  vacancy  production  in  slow  Si-Ar  collisions  were  determined  from  Auger- 
electron  measurements  and  were  analyzed  within  the  framework  used  by  Shanker  et 
al.  [57]  in  their  analysis  of  the  Ar-Ar  collision  system.  While  the  contribu¬ 
tion  of  rotational ly  induced  3dn  excitation  to  Si  L-shell  vacancy  production 
turns  out  to  be  too  small  to  be  discriminated  from  the  4fa  contribution,  rota- 
tionally  induced  3do  excitation  accounts  fairly  well  for  the  cross  section  of 
Ar  L-shell  vacancy  production  for  collision  energies  up  to  200  keV  if  a  value 
of  two  is  chosen  for  the  vacancy  occupation  number  N3(j5. 

Shanker  et  al.  [59]  have  measured  and  analyzed  the  impact  parameter  depen¬ 
dence  of  Ar  L-shell  vacancy  production  in  200,  400  and  700  Ne-Ar  collisions. 

The  analysis  of  the  data  in  terms  of  rotational ly  induced  3da  excitation  showed 
that  the  shape  of  the  observed  b-dependence  agrees  with  the  calculated  shape 
only  for  b-values  in  the  range  of  the  adiabatic  maximum  and  beyond.  Values  of 
about  2.5,  i.e.,  values  slightly  larger  than  in  the  Ar-Ar  and  Si-Ar  cases,  have 
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FIGURE  8 

Impact  parameter  dependence  of  Ar  L-shell  vacancy  production 
in  ?nn  keV  Ne-Ar  collisions.  Broken  curve:  theoretical  pre¬ 
diction  for  rotationally  induced  3do  excitation;  lower 
(upper)  full  curve:  sum  of  theoretical  predictions  for  rota¬ 
tionally  induced  3do  excitation  and  for  direct  3do  ioniza¬ 
tion,  calculated  with  a  united-atom  3d  bindina  enerpy  cor- 
respondinq  to  the  doubly  ionized  (neutral)  system.  (From 
Ref.  [59j.) 


been  determined  for  N3ij5  by  fitting  the  theoretical  curves  to  the  data  in  that 
range.  In  Ll.c  small-h  range,  the  measured  vacancy  production  is  substantially 
larger  than  the  theoretical  result  for  rotationally  induced  3da  excitation 
(cf.  the  200  keV  case  shown  in  Fig.  B).  The  discrepancy  between  experiment  and 
the  rotational-coupling  theory  may  be  qualitatively  explained  by  the  onset  of 
direct  ionization  of  the  loosely  bound  3do  MO  at  small  internuclear  distances. 
The  contrihijtinn  of  this  mechanism  to  Ar  L-shell  vacancy  production  has  been 
evaluated  by  Shanker  et  al .  [59j  within  a  non-periurpative  general i  z at'' on  [fO] 
of  the  united-atom  ionization  model  of  Briggs  [34 J.  Figure  8  shows  theoretical 
results  including  the  contribution  of  direct  3do  ionization  for  two  different 
choices  of  the  effective  binding  energy  of  the  united-atom  3d  orbital.  The 
strong  dependence  of  the  ionization  probability  upon  the  latter  Quantity  ren¬ 
ders  difficult  a  conclusive  assessment  of  the  results. 

Rilau  et  al.  [61]  have  studied  the  impact  parameter  dependence  of  Kr  L-shell 
vacancy  production  in  Ar-Kr  collisions  for  energies  ranging  between  0.97  and  10 
MeV  by  measuring  ion-x-ray  coincidences.  The  Ar-Kr  system  has  about  the  same 
ratio  of  projectile  to  target  charge  number  as  has  the  Ne-Ar  system.  While, 
however,  the  3d6  MO  in  the  Ne-Ar  system  is  empty  prior  to  the  collis'on,  in  the 
Ar-Kr  system  all  MO  correlating  to  the  united-atom  3d  shell  are  initially  oc¬ 
cupied  with  electrons.  Hence,  Kr  L-shell  vacancy  production  in  Ar-Kr  collisions 
is  expected  to  reflect  the  "dynamical "  creation  of  vacancies  in  the  3d(5  and  Sdm 
MO  at  an  early  stage  of  the  collision.  Rilau  et  al .  have  analyzed  their  pxperi- 
mental  data  by  solving  the  3d6-3dii-3dg  rotational-coupling  problem  separately 
for  one  incoming  3d6  vacancy  and  one  incoming  3dm  vacancy,  respectively  (this 
procedure  corresponds  to  assuming  incoherent  vacancy  production  in  the  latter 
MO).  By  fitting  the  calculated  3do  vacancy  production  to  the  experimental  data. 
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values  of  the  vacancy  occupation  numbers  N'jrfj  and  N3(in  were  determined  sepa¬ 
rately  at  each  collision  enerqy.  Ubile  the  sim  N3d6  N3(j^  rises  monotonic al  1  v 
with  increasing  collision  enerqy,  the  ratio  N3d6/^'f3dii  decreases  more  or  less 
monotonical Iv  from  a  very  large  value  at  the  lowest  energy  to  values  consider¬ 
ably  smaller  than  unity  at  the  highest  energies.  This  tendency  is  hard  to  un¬ 
derstand  because  the  3dn  Mfl  is,  at  large  internuclear  distances,  much  stronger 
bound  than  the  3df>  Mfl.  Accordingly,  excitation  of  Sdu  electrons  into  empty 
hound  or  into  continuum  orbitals  is  expected  to  be  much  less  likely  than  exci¬ 
tation  of  3dft  electrons. 

A . ? .  Heavy  collision  systems 

In  the  realm  of  L-shell  vacancy  production  in  heavy  collision  systems,  the 
Kr-Kr  system  plays  a  similar  prototype  role  as  does  the  Ar-Ar  system  for  light 
collision  systems.  While  measurements  of  the  inelastic  energy  loss  in  Kr-Kr 
collisions  did  not  allow  specific  conclusions  regarding  the  mechanisms  of 
L-shell  vacancy  production  to  be  drawn,  much  progress  in  the  understanding  of 
these  mechanisms  has  been  achieved  recently  by  measuring  and  analyzing  Kr-L 
x-ray  production. 

Woerlee  et  al .  j  have  measured  total  cross  sections  for  Kr-L  x-ray  pro¬ 
duction  in  Kr-Kr  collisions  for  collision  energies  ranging  between  0.I7S  and 
1.6  Mev.  The  corresponding  vacancy  production  cross  sections  (deduced  by  using 
the  s i ngle-vacancy  value  for  the  Kr-L  fluorescence  yield)  showed,  as  function 
of  collision  energy,  a  behavior  similar  to  the  cross  sections  for  L-shell  va¬ 
cancy  production  in  Ar-Ar  collisions  (33).  Therefore,  Woerlee  et  al.  assumed 
Afo  promotion  to  be  the  dominant  excitation  mechanism  and  extracted  a  value  of 
b.in  a.u.  for  the  promotion  distance  Rc-  ’’"''■'i  a  large  value  for  is  rlnariv 
at  variance  with  the  calculated  behavior  of  the  Afo  'Ab  in  the  Kr-Kr  svstem. 
figure  1  shows  that  the  united-atom  Af  orbital  has  a  fairly  large  binding 
energy. 


FIGURE  R 

Impact  parameter  dependence 
of  L-shell  vacancy  production 
in  l.A  MeV  Kr-Kr  collisions, 
full  Curve:  theoretical  pre¬ 
diction  for  rotatipnally  in¬ 
duced  Afo  excitation.  The 
right-hand  scale  has  been 
expanded  in  such  a  way  that 
the  theoretical  curve  fits 
the  experimental  data.  (From 
Ref.  [3Rj.) 
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Thp  impact,  paraireter  dependence  of  L-shel  1  vacancy  production  in  Kr-Kr  col¬ 
lisions  as  well  as  total  cross  sections  have  been  measured  by  Shanker  et  al. 

for  collision  enerqies  ranninq  from  0.7  to  3.0  MeV.  The  total  cross 
sections  are  considerably  smaller  than  those  measured  by  Woerlee  et  al .  [f)?j 
fon  averaqe  by  a  factor  of  ?.S).  The  shapes  of  the  b-depeodent  data  of  Shanker 
et  al.  qrossly  deviate  from  the  step-functional  form  typical  of  4fo  oromotion. 
As  an  example,  Fiq.  <1  displays  the  h-dependence  of  Kr  L-shel  1  vacancy  produc¬ 
tion  at  1.4  MeV  collision  enerqy.  The  behavior  of  the  measured  b-deoendence  is 
reminiscent  of  a  developinq  double-hump  structure.  Shanker  et  al.  have  associ¬ 
ated  this  behavior  with  4fa  excitation  via  4f<ti-4f6-4fn-4f o  rotational  cou- 
olinq.  For  quantitative  analysis  of  their  data,  they  assumed  vacancies  to  be 
initially  present  in  the  4f(ti  MO  and  solved  the  4f^-4f6-4f7t-4f c  rotational  cou- 
plinq  problem  within  a  framework  similar  to  the  one  employed  in  the  solution  of 
the  3d6-3dTi-3da  problem  in  Ar-Ar  and  Ne-Ar  collisions  [S7,S9].  As  exemplified 
by  Fiq.  9,  the  shape  of  the  measured  b-dependence  of  Kr  L-shel 1  vacancy  produc¬ 
tion  is  well  reproduced  by  the  calculations  for  collision  enerqies  up  to  1.75 
MeV.  For  hiqher  enerqies,  the  data  at  small  impact  parameters  exhibit  an  en¬ 
hancement  of  the  vacancy  production  over  the  rot  at ional -coupl i no  contribution. 
Theoretical  estimates  support  the  assumption  that  direct  4fa  ionization  is  re¬ 
sponsible  for  this  enhancement.  The  absolute  maqnitude  of  Kr  L-shell  vacancy 
production  as  measured  by  Shanker  et  al .  is  somewhat  underestimated  by  the  ro¬ 
tational  -coupl  1  nq  calculations  even  if  the  maximum  (asymptotic)  value  of  four 
is  assumed  for  the  initial  vacancy  occupation  number  The  theoretical  re¬ 

sults  correspondinq  to  N4f,j  =  4  can  be  adjusted  to  the  data  by  multiplying  them 


FIGURE  10 

Total  cross  sections  for  L-shell  vacancy  production  in 
Kr-Kr  collisions,  plotted  as  function  of  the  minimum 
internuclear  distance  at  zero  impact  parameter.  Broken 
curves:  calculated  partial  cross  sections  correspond¬ 
ing  to  the  indicated  number  of  vacancies  in  the  incom- 
ino  MO;  full  curve:  sum  of  partial  cross  sections. 
(From  Refs.  [64,65].) 
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by  a  "normalization  factor"  with  average  value  of  about  1.5  (note  the  different 
scales  for  experimental  and  theoretical  results  in  Fig.  9,  which  reflect  the 
normalization  factor).  The  occurrence  of  this  factor  is  not  yet  understood. 

Total  cross  sections  for  Kr  L-shell  vacancy  production  in  slow  Kr-Kr  colli¬ 
sions  have  been  measured  recently  by  Cleff  et  al .  [64]  down  to  collision  ener¬ 
gies  as  low  as  90  keV.  In  the  plateau  region  of  the  cross  section,  the  values 
of  Cleff  et  al .  are  larger  than  those  of  Sh anker  et  al .  [3?]  by  about  'iOX.  If 
plotted  (cf.  Fig.  10)  against  the  minimum  internuclear  distance  at  zero  impact 
parameter,  Rqq,  the  cross  sections  of  Cleff  et  al .  reveal  a  shoul der-1 i ke 
structure  at  Rqq  =  0.2  a.u.  (or,  correspondingly,  at  a  collision  eneroy  of 
about  140  keV).  This  feature  points  to  the  presence  of  new  excitation  mecha¬ 
nisms  prevailing  at  very  low  collision  energies.  Cleff  et  al.  have  analyzed 
[65]  their  experimental  results  by  assuming  vacancy  production  in  the  4fa  MO  to 
be  effected  not  only  by  4f <t,-4f6-4fn-4fa  rotational  coupling,  hut  also  by  radial 
and  rotational  couplings  with  the  MO  which  emerge  from  the  seoarated-atom  M- 
and  N-shells  and  which  form  real  or  avoided  crossings  with  the  4fo  MO  at  non¬ 
zero  internuclear  distances  (cf.  the  Kr-Kr  correlation  diagram  shown  in  Fig. 

1).  These  MO  are  expected  to  carry  with  non-zero  (albeit  small)  probability 
"dynamically  created"  vacancies  into  the  coupling  region.  By  performing 
coupled-state  calculations  within  the  space  of  the  adiabatic  3gu>  ^ou>  ^’'u> 

3u^j,  4ny,  and  Hy  MO,  Cleff  et  al.  obtained  "partial"  cross  sections  for 
the  different  incoming  MO,  which  are  shown  as  broken  curves  in  Fig.  10  (the 
initial  vacancy  occupation  numbers  for  the  incoming  MO  have  been  used  as  fit 
parameters;  the  value  =  5.0  may  be  interpreted  to  include  a  "normalization 

factor"  of  1.25).  The  comparison  between  the  experimental  data  and  the  calcu¬ 
lated  total  cross  section  for  4fo  excitation  (full  curve  in  Fig.  10)  suggests 
that  the  structure  seen  in  the  data  at  Rgg  =  a.u.  corresponds  to  rota- 
tionally  induced  transfer  of  vacancies  out  of  the  2ii,,  MO  into  the  30,,  MO  (cf. 
Fig.  1). 

Similar  structure  as  in  the  Kr-Kr  case  has  been  observed  by  Cleff  et  al . 

[64]  in  the  threshold  region  of  the  L-shell  cross  sections  in  the  (symmetric) 
Ge-Ge,  Mo-Mo,  In-In  and  Xe-Xe  collision  systems.  The  results  await  further  ana¬ 
lysis.  Very  recently,  Cleff  et  al.  have  also  measured  [66]  the  impact  parameter 
dependence  of  L-shell  vacancy  production  in  Kr-Kr  collisions  and  have  found 
that  their  results  essentially  confirm  those  of  Shanker  et  al .  [32]. 


FIGURE  11 

Impact  parameter  depen¬ 
dence  of  L-shell  vacancy 
production  in  63  MeV  I-Ag 
collisions.  Full  circles: 
experimental  results  of 
Ref.  [68];  broken  curve: 
estimated  contribution  of 
4fo  excitation  [68];  full 
curve:  sum  of  estimated 
4fo  contribution  and  of 
calculated  contributions 
of  3d6-3dn-3do  and  3pii-3po 
rotational  coupling  [69]. 
(From  Ref.  [6G  J. ) 
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The  impact  parameter  dependence  of  L-sheli  vacancy  production  in  collisions 
involving  solid  targets  has  been  systematically  investigated  by  Presser  et  al , 
[67j  for  17  to  40  MeV  Aq-Aq  and  Aq-Cs  collisions  and  by  Morenzoni  et  al.  [68] 
for  40  and  63  MeV  I-Aq  collisions.  One  may  expect  that  multiple-collision 
effects  in  solid  tarqets  enhance  the  contributions  of  rotational-coupl inq  pro¬ 
cesses  in  the  vicinity  of  the  united-atom  3d  and  3p  shells.  The  analyses  of 
Presser  et  al.  and  Morenzoni  et  al.  indeed  have  shown  that  the  experimental 
data  at  small  impact  parameters  can  be  essentially  explained  in  terms  of  a  su¬ 
perposition  of  contributions  from  3d6-3dn-3do  and  3pii-3po  rotational  coupling. 
By  adjusting  the  theoretical  results  to  the  data,  a  value  of  about  two  was 
determined  for  the  ratio  N3p„/N3()5  of  the  numbers  of  incoming  vacancies  in  the 
3pTi  and  3d6  MO.  figure  11  snows  the  experimental  results  of  Morenzoni  et  al . 
for  63  MeV  I-Ag  collisions  together  with  a  theoretical  curve  obtained  by 
superimposing  the  calculated  contributions  of  3d6-3dn-3do  and  3pTi-3po  rota¬ 
tional  coupling  [69]  onto  an  estimated  contribution  of  4fo  excitation. 

Vacancy  sharing  processes  between  MO  correlating  to  the  L-shells  of  the 
lighter  and  the  heavier  partner,  respectively,  in  near-symmetric,  heavy  colli¬ 
sion  systems  have  been  studied  by  Meyerhof  et  al.  [70].  The  experimental  shar¬ 
ing  ratios  can  he  quantitatively  understood  in  terms  of  the  flemkov-Meyerhof  va¬ 
cancy  sharing  model  [44]  if  one  assumes  that  L-L  vacancy  sharing  takes  place 
predominantly  between  those  MO  whose  energy  separation  is  smallest,  i.e.,  be¬ 
tween  the  MO  correlating  to  the  L3-subshell  of  the  heavier  partner  and  the 
Lj-subshell  of  the  lighter  partner.  In  their  analysis  of  L-subshell  cross  sec¬ 
tion,  Meyerhof  et  al.  [70]  have  investigated  the  relevance  of  diabatic  correla¬ 
tion  rules  [27,28].  They  found  that  the  correlation  of  the  4fa  MO  tends  to 
change  from  "minimum  promotion"  (as  expressed  by  the  Barat-Lichten  correlation 
rule  [27])  in  symmetric  systems  towards  "maximum  promotion"  (as  expressed  by 
the  correlation  rule  of  Eichler  et  al .  [28])  in  asymmetric  systems. 

In  strongly  asymmetric,  heavy  collision  systems,  vacancy  sharing  processes 
may  occur  between  the  MO  correlating  to  the  K-shell  of  the  lighter  partner  and 
the  L-shell  of  the  heavier  partner  ("K-L  level  matching").  A  satisfactory  theo¬ 
retical  description  of  these  processes  has  been  achieved  [71 ]  by  applying  the 
two-state  model  of  Nikitin  [46]  to  separately  calculate  the  vacancy  sharing  be¬ 
tween  the  K-shell  and  the  Lj-,  L^-  and  L3-subshel Is,  respectively.  Meyerhof 
[72]  has  considered  the  sunmed  cross  section  for  L-shell  vacancy  production  in 
the  heavier  partner  and  K-shell  vacancy  production  in  the  lighter  partner  and 
has  found  this  quantity  to  depend  mainly  on  the  uni ted-atom  charge  number  and 
not  so  much  on  the  individuu!  charge  numbers  of  projectile  ion  and  target 
atom.  This  finding  led  Meyerhof  to  identify  the  summed  cross  section  with  the 
cross  section  for  vacancy  production  in  the  3da  MO  and  to  analyze  experimental 
data  within  a  simplified  version  of  the  united-atom  ionization  model  of  Briggs 
[34]. 

The  impact  parameter  dependence  of  inner-shell  vacancy  production  in  the  re¬ 
gion  of  K-L  level  matching  has  been  measured  by  Warczak  et  al.  [73,74]  for 
various  collision  systems.  The  data  exhibit  structure  in  the  small  b-range, 
which  so  far  is  not  fully  understood. 


B.  M-SHELL  VACANCY  PRODUCTION 

Not  much  information  has  been  gained  so  far  on  the  quasimolecul ar  mechanisms 
of  M-shell  vacancy  production. 

The  measurements  of  Kessel  and  coworkers  [75-77]  on  Kr-Kr,  Kr-Xe  and  Xe-Xe 
collisions  have  shown  rises  in  the  final  charge  state  and  in  the  inelastic 
energy  loss  already  at  Rg-values  much  larger  than  those  values  at  which  the 
L-shells  of  the  collision  partners  start  to  interpenetrate.  Antar  and  Kessel 
[77]  associate  the  rise  seen  in  the  Kr-Kr  system  at  Rg  =  0.75  a.u.  to  the  onset 
of  M-shell  vacancy  production  due  to  promotion  of  two  Kr  3d  electrons  along  the 
diabatic  6ho  MO.  This  assignment  had  been  proposed  earlier  by  Kessel  and 
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Inelastic  enerqy  loss  in  Xe-Xe  collisions,  plotted  as 
function  of  reduced  scatterino  anqle  Fq® 
tance  of  closest  approach  Rq.  Full  curves  serve  to 
quide  the  eye  only.  (From  Ref.  [76].) 


Fastru,  [5]  on  the  basis  of  measurements  of  Fastrup  and  Hermann  [78],  which  had 
revealed  a  triple-peak  structure  in  the  enerqy  loss  spectrum  for  Rq  =  0.75 
a.u.  Further  rises  in  the  Kr-Kr  data  settinq  in  at  Rq  =  0,6  a.u.  and  Rq  *  0.4 
a.u.  are  ascribed  by  Antar  and  Kessel  to  promotion  of  3d  electrons  alonq  the 
Squ  MO  and  of  3s  or  3p  electrons  alonq  the  5qo  MO,  respectively.  In  the  asymme¬ 
tric  Kr-Xe  system,  Antar  and  Kessel  observed  rises  in  the  Rp-dependence  of  the 
final  charqe  state  and  the  inelastic  enerqy  loss,  which  may  be  associated  with 
Kr  M-shell  vacancy  production  via  6ho  promotion  (and  presumably  also  via  Sqn 
promotion)  and  with  Xe  M-shell  vacancy  production  via  5qa  promotion. 

The  Xe-Xe  data  of  Kessel  and  coworkers  [75,76]  (cf.  Fiqure  12)  exhibit  rises 
which  can  be  attributed  to  M-shetl  vacancy  production  via  6ha  promotion  and  via 
5qii  promotion  (and  possibly  5qo  promotion),  respectively.  In  addition,  the  maq- 
nitude  nf  the  inelastic  enerqy  loss  at  large  Rp-values  suqqests  the  occurrence 
of  multiple-vacancy  production  in  the  Xe  N-shell  (and  presumably  also  in  the  Xe 
0-shell).  However,  no  analysis  of  the  data  in  terms  of  electron  promotion  out 
of  these  shells  has  been  possible. 

Shanker  et  al.  [79]  have  studied  the  impact  parameter  dependence  of  M-shell 
vacancy  production  in  1.05  MeV  Xe-Xe  collisions  by  performing  both  ion-x-ray 
and  ion-Auger-electron  coincidence  measurements.  Fiqure  13  displays  the  b-de- 
pendence  of  the  Auqer-electron  production  (which,  in  view  of  the  very  small 
Xe-M  fluorescence  yield,  directly  gives  the  b-dependence  of  the  vacancy  produc¬ 
tion)  as  well  as  of  the  x-ray  production.  The  steep  rise  of  the  x-ray  produc¬ 
tion  for  b  <  0.25  a.u.  reflects  a  strong  impact  parameter  dependence  of  the 
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Imoact  oarameter  dependence  of  M-shell  vacancy  produc¬ 
tion  in  l.OE  MeV  Xe''*'-Xe  collisions.  Full  circles; 
Auoer-electron  data;  open  circles;  x-ray  data,  norma¬ 
lized  to  the  Aiiaer  data  at  larqe  impact  parameters. 

The  theoretical  curves  are  explained  in  the  text. 

(From  Ref.  l7R).) 


Xe-M  fluorescence  yield.  The  full  curve  in  Fiq.  13  qives  the  vacancy  production 
calculated  by  assuminq  the  maximum  possible  number  of  electrons  to  be  promoted 
alonq  the  6ha,  Fqn  and  Sqo  MO.  The  promotion  distances  R;;  were  read  from  the 
relevant  MO  correlation  diaqram  [70]  and  the  correspondinq  "critical"  impact 
parameters  b^.  were  obtained  from  the  R(--values  by  usinq  internuclear  trajecto¬ 
ries  generated  from  the  Moliere  potential  [79].  The  broken  curve  in  Fiq.  13 
qives  the  calculated  contribution  of  rotational-couplinq  processes  in  the 
vicinity  of  the  united-atom  4f  and  5f  shells,  superimposed  on  the  contribution 
of  6ho,  Fqii  and  5qa  promotion,  [t  is  seen  that  the  Xe-M  vacancy  production 
measured  by  Shanker  et  al.  is  in  fairly  good  agreement  with  the  theoretical 
prediction,  although  the  step-like  rises  predicted  by  the  promotion  model  are 
scarcely  exhibited  by  the  data. 

6,  CONCLUDING  REMARKS 

The  analyses  of  a  large  body  of  experimental  data,  which  have  been  performed 
in  recent  years,  have  shown  that  inner-shell  vacancy  production  in  slow  ion-atom 
collisions  can  be  understood  in  rather  fine  detail  in  terms  of  simple  quasi- 
molecular  excitation  mechanisms. 
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In  the  case  of  K-shell  vacancy  production,  2pTT-2po  rotational  coupling  has 
been  firmly  established  as  the  dominant  excitation  mechanism.  However,  a  fully 
quantitative  description  of  K-shell  excitation  by  means  of  universal  scaling 
laws  for  2pii-2pG  rotational  coupling  seems  not  to  be  possible.  In  this  situation, 
detailed  model  calculations  for  individual  collision  systems  will  be  most  help¬ 
ful. 

Considerable  progress  has  been  achieved  in  the  past  years  in  the  understanding 
of  the  mechanisms  of  L-shell  vacancy  production.  Apart  from  4fo  promotion,  which 
is  the  dominant  excitation  mechanism  in  light  collision  systems,  various  united 
atom  rotational  coupling  processes  have  been  found  to  contribute  to  L-shell 
vacancy  production.  In  order  to  disentangle  the  different  excitation  mechanisms, 
the  dependence  of  L-shell  vacancy  production  on  the  charge  numbers  of  projectile 
ion  and  target  atom  and,  in  particular,  on  the  asymmetry  of  the  collision  system 
should  be  systematically  studied. 

The  understanding  of  the  mechanisms  of  M-shell  vacancy  production  is  still 
at  a  rudimentary  stage,  and  much  experimental  and  theoretical  work  will  be  neces¬ 
sary  in  order  to  make  progress  in  this  field. 

A  remarkable  feature  that  has  emerged  from  the  studies  of  inner-shell  va¬ 
cancy  production  in  slow  ion-atom  collisions  is  the  outstanding  role  played  by 
united-atom  rotational  coupling  as  a  mechanism  for  primary  vacancy  production  in 
promoted  MO.  Because  of  its  weak  dependence  upon  details  of  the  quasimolecular 
potential  and  upon  other  ingredients  of  the  MO  model,  united-atom  rotational 
coupling  is  a  particularly  simple  excitation  mechanism.  The  dominance  of  such 
mechanisms  in  a  seemingly  complicated  many-body  scattering  situation  should  pro¬ 
vide  further  stimulus  for  studying  inner-shell  excitation  in  slow  ion-atom  col- 
1 isions. 
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COLLISION  PHYSICS  WITH  HIGHLY  STRIPPED  SLOW  IONS 

Reinhold  SCHUCH 

Physikal isches  Institut  der  Universitat  Heidelberg,  6900  Heidelberg,  FRG 


A  review  about  recent  studies  with  highly  stripped  heavy  ions  is  given. 

Its  scope  is  limited  to  mainly  inner  shell  processes  and  slow  collisions 
compared  to  the  Bohr  velocity  of  electrons  in  these  shells.  The  processes 
discussed  are:  population  of  excited  states  by  electron  capture  in  asymmetric 
collision  systems;  electron  capture  and  excitation  in  symmetric  collisions 
with  an  emphasis  on  the  impact  parameter  dependence  of  K-  to  L-shell  and 
K-  to  K-shell  vacancy  transfer;  the  interference  structure  in  the  Tj’''i- 
molecular  X-rays  from  slow  hydrogenlike  ion-atom  collisions  which  is  used 
for  direct  spectroscopy  of  quasimolecular  energies. 


1.  INTRODUCTION 

The  number  of  papers  submitted  to  the  ICPEAC  on  the  subject  of  collision 
physics  with  highly  charged  ions  has  increased  steadily  in  recent  years.  The 
growing  activity  in  this  field  has  mainly  two  origins:  Sources  of  highly  stripped 
heavy  ions  have  become  available,  and  the  interest  in  data  from  such  collision 
experiments  has  strongly  increased. 

From  the  point  of  view  of  pure  atomic  collision  physics  the  interest  in  highly 
charged  heavy  ions  arises  because  electronic  states  on  the  incoming  part  of 
the  collision  can  be  emptied.  This  makes  a  more  selective  study  of  the  reaction 
mechanism  possible.  Shell  effects  can  be  seen  and  channels  leading  to  specific 
couplings  isolated.  This  will  be  the  main  subject  of  this  paper.  Another  impor¬ 
tant  advantage  that  one  can  explore  is  that  after  the  collision  of  a  highly 
charged  ion  with  a  light  target  atom  the  number  of  electrons  is  reduced  to  a 
very  few  which  mostly  populate  an  excited  state.  This  provides  an  excellent 
environment  for  high  resolution  spectroscopic  studies.  For  applications,  the 
availability  of  highly  charged  slow  ions  makes  the  study  of  processes  possible 
which  were  up  to  recently  only  observed  in  astrophysical  and  fusion  plasmas. 

In  this  review,  recent  developments  in  collision  physics  with  slow  highly 
stripped  ions  are  presented.  The  meaning  of  slow  is  specified  by  the  condition 
that  the  kinetic  energy  E  of  the  ion  should  be  much  smaller  than  the  ioni¬ 
zation  potential  multiplied  by  M/mg  of  the  most  strongly  bound  electron  which 
is  stripped.  M  and  mg  are  the  ion  and  electron  rest  masses,  respectively.  Very 
low  collision  energies  are  not  discussed,  however,  partly  because  a  special 
symposium  is  dedicated  to  collisions  at  very  low  velocities  of  highly  charged 
ions,  but  also  because  one  needs  kinetic  energy  in  order  to  reach  small  enough 
internuclear  distances  for  inner  shell  studies.  The  production  of  such  ions 
by  e.g.  acceleration,  poststripping  and  deceleration  is  explained  in  part  2. 

In  the  third  part,  electron  capture  of  highly  charged  ions  in  asymmetric  and 
symmetric  collisions  is  treated.  This  process  is  of  considerable  purely  scient¬ 
ific  interest  because  it  represents  quantum  mechanically  a  very  complex  colli¬ 
sion  problem.  At  low  and  intermediate  velocities  many  strongly  interacting  elec¬ 
tronic  states  are  involved  to  form  the  final  states  occupied  in  the  projectile 
and  target  ion  after  the  collision.  For  practical  purposes,  it  is  important  I!, at 
at  low  velocities  the  electron  capture  cross-section  is  very  large  (of  the  order 
of  10"'®  cm2)  and  the  transferred  electrons  occupy  preferentially  excited  states 
both  in  projectile  and  target  ion  after  the  collision.  This  leads  to  high  inten- 
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sity  radiation  sources  and  therefore  also  to  important  energy  transport  phenom¬ 
ena  in  e.g.  astrophysical  and  fusion  plasmas.  A  determination  of  the  states 
with  n  and  1  quantum  numbers  occupied  by  electron  capture  is  therefore  actively 
pursued.  This  aspect  is  reviewed  especially  for  very  low  E,  by  other  articles 
in  this  volume. 

Examples  of  state  selective  charge  transfer  processes  between  inner  shells 
in  nearly  symmetric  collision  systems  are  given  in  the  third  and  fourth  parts 
of  this  article.  There  the  dependence  of  the  K  X  ray  cross  section  on  the  pro¬ 
jectile  charge  state  is  considered  and  two  regions  are  distinguished:  one  where 
the  projectile  bears  L-vacancies  which  can  be  transferred  into  the  target  K  shell 
by  2pTt-2pa  rotational  coupling  (see  also  previous  article  by  U.  Wille)  and  the 
other  where  the  projectile  is  hydrogen  like  or  bare  and  the  process  of  K-shell 
to  K-shell  vacancy  transfer  can  be  observed.  In  both  cases  the  dependence  of 
the  K  vacancy  probability  on  impact  parameter  PK(ti)  is  most  informative  about 
the  couplings,  in  particular  for  the  K-K  transfer  process  where  oscillations 
in  the  Pi/b)  reflect  an  interference  of  the  transfer  amplitude. 

Essential  to  the  descriptions  of  slow  ion  atom  collision  processes  are  the 
quasimolecular  electronic  states  formed  during  the  collision.  Questions  like 
this  arise:  are  the  states  of  a  united  atom  system  really  formed  in  a  close 
ion-atom  encounter?  This  is  of  particular  interest  for  very  heavy  quasimolecules 
{Z1+Z2)  >  130).  There  the  binding  energy  of  an  electron  in  the  Iso  state  (for 
l\*lz  ^  could  exceed  even  double  its  rest  mass.  A  spectroscopy  of  such 
superheavy  quasimolecular  states  has  been  the  goal  of  active  studies  during 
recent  years.  It  was  achieved  in  the  analysis  of  measured  inner  shell  ionization 
probabilities,  and  of  positron  and  6-electron  emission,  but  in  an  indirect  model 
dependent  way.  A  direct  spectroscopy  of  the  quasimolecular  states  was  tried 
in  measurements  of  quasimolecular  X-rays.  In  part  5  of  this  review  measurements 
of  interference  structures  in  quasimolecular  X  ray  spectra  are  presented.  Utiliz¬ 
ing  these  structures  a  direct  spectroscopic  determination  of  quasimolecular 
transition  energies  has  been  achieved. 


2.  PRODUCTION  OP  HIGHLY  STRIPPED  SLOW  IONS 

One  of  the  main  experimental  difficulties  in  the  studies  discussed  here  is 
the  preparation  of  the  highly  charged  slow  ions.  Normally,  if  accelerators 
deliver  beams  of  ions  with  Zj  >  10,  these  have  a  fully  occupied  L  shell.  If 
one  is  interested  in  inner-shell  processes  it  is  therefore  mandatory  to  poststrip 
such  a  beam  to  a  very  high  charge  state,  usually  with  a  thin  foil.  For  this 
poststripping  to  be  effective,  a  general  rule  is  that  the  projectile  velocity 
Vp  must  be  comparable  to  the  Bohr  electron  velocity,  <Vg>f,  ,  of  the  n^^  shell 
that  one  seeks  to  strip  (Bohr  criterion).  In  fig.l  plots  of  the  mean  charge 
states  q  for  different  Zj  as  function  of  the  ion  energy  are  shown.  The  stripping 
occurs  in  C-foils,  thick  enough  to  produce  equilibrium  charge  state  distributions. 
For  this  plot,  the  semiempirical  fo-mula  of  ref.(l)  and  the  experimental  results 
given  in  ref. (1-4)  were  used.  The  dashed  line  on  the  high-energy  side  shows 
the  energies  obtained  from  the  Bohr  criterion  for  stripping  up  to  the  K-sliell. 

The  dashed  line  at  the  left  side  shows  the  energies  where  the  mean  charge  stare 
enters  the  K-shell.  The  same  is  plotted  for  the  L-shell  as  dashed  dotted  lines. 
These  lines  give  only  a  rough  overview  of  the  charge  states  produced  by  stripping 
in  C-foils.  As  always  a  distribution  of  charge  states  is  obtained  after  the 
foil  (as  for  example  in  the  insert  in  fig.l).  Therefore  high  charge  states 
with  low  beam  intensities  can  already  be  obtained  at  a  lower  beam  energy  in 
the  wing  of  the  q  distribution.  This  technique  is  indeed  used  very  frequently. 

One  manages  to  obtain  significant  results  for  the  couplings  between  inner  shell 
states  by  operating  with  beam  velocities  reasonably  below  the  relevant  electron 
orbiting  velocity.  In  this  way  systematic  studies  of  e.g.  the  L-  to  K-shell 
vacancy  transfer  by  2pTt-2pa  rotational  coupling  (5-10)  and  of  the  K-  to  K-shell 
vacancy  transfer  process  have  been  made  (e.g. 11-14),  For  investigations  at 
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FlbURE  1  Mean  charge  state  by 
stripping  in  a  C-foil  for  differ¬ 
ent  ions  Z  as  function  of  their 
kinetic  energy.  Insert  shows  a 
charge  state  distribution  from 
ref (1) . 


lower  velocities  or  heavier  collision  systems,  but  still  with  very  high  charge 
states,  beams  where  the  charge  state  can  be  varied  independently  of  the  velocity 
are  highly  desirable.  There  are  three  main  ways  in  which,  at  least  in  principle, 
such  ion  beams  can  at  present  be  produced: 

-  From  novel  ion  sources  such  as  the  Hectron  £yclotron  Resonance  and  the 
Electron  Beam  j_on  Source. 

-  The  £econ?ary  £00  Recoil  £ource  where  atoms  in  a  tenuous  gas  target  are  pumped 
to  a  high  charge  state  by  collisions  of  heavy  ions  of  high  charge  state  and 
high  energy. 

-  The  accel-decel  method  where  after  a  first  acceleration  the  ion  is  poststripped 
and  then  decelerated  to  low  energies  (Vp  << 

In  the  first  two  methods  ECR  and  EBIS,  and  SIRS  the  intensities  of  hydrogenlike 
or  fully  stripped  ion  beams  in  the  region  of  Z  >  18  is  still  very  low.  Neverthe¬ 
less,  a  large  number  of  interesting  experiments  with  these  sources  employing 
lighter  ions  or  lower  charge  states  are  currently  in  progress,  and  they  are 
the  subject  of  a  separate  symposium  in  this  conference.  Even  with  the  expected 
large  improvement  in  beam  currents  the  ions  so  produced  would  still  have  to 
be  accelerated  to  higher  energies  than  provided  by  these  ion  sources  to  be  of 
use  for  inner-shell  processes.  This  is  because  the  kinetic  energy  must  be  large 
enough  to  compensate  the  Coulomb  repulsion  at  minimum  distance  of  approach  Rmint 
inside  the  K  shell  radius  of  the  united  atom  r^g  (u.a.  is  the  atom  of  Zj+Z2 
nuclear  charge).  The  criterion  obtained  for  the  lower  limit  of  the  collision 
energy  is  therefore 

"ua  =  ^  ^in  =  *  s'in'  > 

(a  =  for  head-on  collision,  9^^  is  the  center  uf  mass  scattering  angle 
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of  the  projectile). 

If  for  impact  parameter  definition  in  a  coincidence  experiment  the  scattered 
ion  is  to  be  detected,  a  reasonable  maximum  scattering  angle  is  required  for 
practical  purposes.  One  obtains  from  the  above  relation  for  symmetrical  colli¬ 
sions  (Z  =  Z][  =  Z2):  E(a.u.)  >  2  z3(l  +  l/sin3)  or  for  e.g.  Arl'*'  on  Ar  with 
a  laboratory  scattering  angle  of  &  =  20  a  lower  boundary  for  the  kinetic  energy 
of  E  >  1.3  MeV. 

These  energies  for,and  reasonable  beam  currents  of  highly  charged  ions  can 
be  reached  with  the  accel-decel  method.  In  fig. 2  schematic  drawings  of  the  three 
different  structures  presently  available  for  accelerating,  poststripping  and 
decelerating  heavy  ion  beams  are  shown.  In  general,  one  needs  two  independent 
accelerators  with  a  stripper  foil  in  between,  and  the  second  accelerator  has 
to  be  converted  into  a  decelerator.  At  Pittsburgh  University  (15),  and  at  the 
Brookhaven  National  Laboratory,  two  tandems  are  coupled  (16).  The  first  tandem 
accelerates  with  a  positive  terminal  voltage.  The  second  tandem  is  on  negative 
voltage  thus  accelerating  up  to  the  terminal  where  the  poststripper  foil  gener¬ 
ates  high  charge  states,  and  decelerating  in  its  second  stage.  The  energies, 
beam  currents  and  charge  states  obtained  in  Brookhaven  for  experiments  which 
are  reported  here  are  listed  in  table  1.  At  GSI  Darmstadt  the  positive  ions 
were  accelerated  in  the  Linacs  "Wideroe"  and  "Alvarez"  to  high  energies,  then 
poststripped  and  decelerated  to  low  energies  with  single  resonators.  In  Heidel¬ 
berg  a  12  MV  tandem  for  accelerating  and  an  rf  Linac  were  used  for  decelerating 
(17).  The  beam  parameters  reached  there  for  the  reported  experiments  are  also 
listed  in  table  1. 

ACCELERATION  STRIPPING  DECELERATION 

TANDEM  V  da  GrociK  C-FOIL  SINGLE  RESONATORS  EXPERIMENT 

NEG 


FIGURE  2  Structures  for  accelerating,  poststripping  and  decelerating. 


3.  ELECTRON  CAPTURE  AND  EXCITATION:  TOTAL  CROSS  SECTIONS 

A  general  overview  of  the  cross  section  for  single  electron  capture  in 
Helium  and  Argon  as  function  of  the  ion  kinetic  energy  is  given  in  fig. 3.  The 
data  is  taken  from  a  collection  by  Knudson  el  al.  (18)  in  reduced  cross  section 
and  energy  scale.  Roughly  speaking, two  different  regimes  in  the  energy  scale 
can  be  distinguished:  Very  low  energies,  where  the  cross  section  is  almost  con¬ 
stant.  There  a  molecular  orbital  picture  is  generally  used  for  the  description 
of  the  capture  process.  Intermediate  and  high  energies;  here  the  cross  section 
starts  to  decrease  strongly  with  the  ion  energy.  In  this  regime  of  intermediate 
velocities  and  asymmetric  collision  systems  e.g.  a  classical  Monte  Carlo  method 
(19)  and  an  atomic  state  close-coupling  method  (20)  has  been  developed.  The 
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TABLE  1  Beam  parameters  for  the  acce1-decel  method 


Faci 1 ity 

Ion 

Poststripped 
at : 

Final 

.  CL_. 

Final 

E 

Electric 

current 

Brookhaven 

16^ 

4  MeV/N 

16+ 

130  keV/N 

Nat.  Lab. 

4.6  MeV/N 

16+ 

70  keV/N 

2  nA 

G  S  I 

32*"^ 

8.6  MeV/N 

31+ 

2,6  MeV/N 

2  nA 

UNI  LAC 

36^^ 

8.6  MeV/N 

33+ 

2.4  MeV/n 

2  nA 

11.5  MeV/N 

35+ 

4.6  MeV/N 

3  nA 

36+ 

4.6  MeV/N 

100  pA 

" 

47+ 

4.5  MeV/N 

1  nA 

MPI  Heidelberg 

16^ 

3.5  MeV/N 

15+ 

150  keV/N 

1  nA 

" 

16+ 

500  keV/N 

2  riA 

J7CI 

3.7  MeV/N 

17+ 

600  keV/N 

1  nA 

01  1  10  100  1000 
ElkeV/Nl/q'-'^ 


FIGURE  3  Reduced  single  electron  capture  cross  sections  for  different  ions 
(see  ref  25)  and  for  (ref  27,  big  circles)  in  He  and  Ar  as  function  of 

the  reduced  energy. 
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situation  is  here  more  complex  than  in  the  regime  of  very  slow  collisions, 
because  a  large  number  of  strongly  coupled  states  are  involved  in  the  capture 
of  highly  charged  ions.  In  ref.  18  this  complexity  was  exploited  by  introducing 
the  simplifying  assumption  that  there  is  a  quasicontinuum  of  states  to  which 
coupling  can  occur.  With  this  condition  a  scaling  law  for  single  electron  cap¬ 
ture  has  been  derived  (18)  from  the  simplifying  classical  model  of  Bohr  and 
Lindhard  (21)  that  the  single  electron  capture  cross  section  fgh-a  fixed  target 
divided  by  q  should  form  a  universal  curve  as  function  of 

The  regime  of  energies  which  can  be  covered  by  the  accel-decel  technique 
is  indicated  in  fig. 3  by  large  circles.  These  represent  new  sets  of  data  for 
ions  obtained  with  the  accel-decel  technique  at  Breokhaven  (22).  There  the 
charge  state  has  been  varied  between  6+  and  16+  and  the  energy  between  6  arid 
20  MeV.  These  data  show  in  the  general  trend  agreement  with  the  scaling,  only 
the  tie  data  are  somewhat  higher  than  the  universal  curve. 

For  a  more  rigorous  test  of  the  theoretical  models  for  charge  transfer,  state 
selective  measurements  are  needed.  Much  data  is  available  in  particular  for 
electron  capture  in  the  low  velocity  regime  where  the  molecular  picture  applies. 
These  data  are  obtained  with  beams  from  SIRS,  EBIS  and  ECR  ion  sources.  The 
state  of  the  art  in  such  measurements  is  the  spectroscopy  of  the  translational 
energy  gain  of  the  projectile  during  the  capture  process  (e.g.  23-25),  the  spec¬ 
troscopy  of  autoionization  electrons  (e.g.  26-28)  and  characteristic  X-rays. 

We  want  to  consider  here  only  processes  of  charge  transfer  and  excitation  leading 
to  projectile  and  target  characteristic  X-ray  emission  after  collisions  of  slow 
highly  ionized  ions  with  atoms. 


r) 

< 

(/) 


60 

40 

20 

60| 

40 

20 

40 

20 

0 


S  KX-RAY 
40MeV  S”* 

SPECTRA  IN 
+  Ne  COLLISIONS 

s’*' 

3p  Ip 

1  1 

V 

s'"* 

1 

*•  •> 

-  s'*’ 

s 

.V 

.  . .  * 

* .  •  *.  '  1 

*  •  •  .  ^ 

•  *p  • 

.**•  * 

‘  -  V  «  1 

2400  2480 

X-RAY  ENERGY  (eV) 


FIGURE  4  K-satellite  lines  for 
different  initial  charge  states 
of  the  S-ions  (ref  30) . 
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Two  classes  of  X-ray  measurements  can  be  distinguished:  one  which  is  done 
with  high  resolution  crystal  spectrometers  (AEj^/E^  <  10"^);  the  other  with  Si(Li) 
or  Ge  detectors  ~  10'^),  where  sometimes  also  coincidences  with  scattered 

particles  are  required  to  define  the  impact  parameter  of  the  scattering  event. 

In  the  regime  of  slow  highly  stripped  ions  few  experiments  with  crystal  spectro¬ 
meters  have  been  performed.  For  the  measurements  with  recoil  ions  we  refer  to 
the  article  of  H.  Beyer  et  al.  (29).  Poststripping  of  tandem  beams  has  been 
used  by  a  group  at  KSU  to  measure  state  selective  capture  with  a  crystal  spectro¬ 
meter  (30).  An  example  of  X-ray  spectra  from  such  measurements  with  40  MeV  S'l'*'. 
q  =  13,14,15  on  a  Ne  target  is  shown  in  fig. 4.  The  X-ray  lines  with  and 

are  from  electron  capture  into  excited  states  has  the  well  known 

Is^Ps^  IS  metastable  component),  whereas  the  lines  in  are  from  excitation. 

Although  in  that  paper  no  strong  conclusions  are  drawn  from  these  spectra  one 
can  clearly  see  the  potential  power  of  this  method  for  identifying  the  states 
populated  by  electron  capture. 

In  a  development  in  this  line,  single  electron  capture  can  be  used  to  create 
the  excited  states  which  are  interesting  for  precision  spectroscopy.  Recently 
an  experiment  was  performed  (31)  where  bare  Cl”'''  nuclei  were  decelerated  at 
tite  Heidelberg  Linac  and  then  allowed  to  capture  a  single  electron  into  an 
o'l itod  state.  The  Lyman  a  lines  (fig.  5)  observed  with  a  Johann  type  bent  crys¬ 
tal  spectronieter  were  free  of  spectator  electrons  and  background  distortion. 

In  combination  with  a  reduction  and  control  of  Doppler  effects  this  technique 
can  be  used  in  the  future  to  reach  a  very  high  accuracy  in  the  determination 
of  e.g.  the  Is  Lamb-shift. 

l^'any  studies  of  X-ray  emission  in  near  symmetric  highly  charged  ion  atom 
collisions  were  performed  with  the  goal  of  determining  the  mechanisms  lor  inner 
shell  charge  transfer  and  excitation. 

The  two  mechanisms  which  could  be  isolated  in  these  studies  to  be  most  impor¬ 
tant  for  h-vacancy  production  in  slow  symmetrical  collision  systems  are  2pv.-2P'J 
rotational  coupling  and  lsC'-2po  radial  coupling  (see  e.g.  32).  Fig. 6  shows  an 
example  of  a  SCF  relativistic  many  electron  correlation  diagram  for  the  Ar+Cl 


Photon  Energy  (Channels) 


FIGURE  5  Lyman  a  lines  in  H-like  Cl  after  electron  capture  of  Cl^^'*'  in  a  He 
gas  target. 
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FIGURE  6  SCF  relativistic  many  electron  correlation  diagram  for  a  Ar+Gl  quasi- 
riiolecu  le  (ref  33) . 

quasimolecule  (33).  It  was  calculated  for  a  10  times  ionized  collision  system. 

For  the  levels  most  important  for  this  discussion  relativistic  as  well  as  non- 
relativistic  descriptions  are  given.  The  two  coupling  channels  mentioned  above 
are  indicated  by  arrows.  The  operation  of  one  of  these  channels  depends  on  the 
probability  for  having  a  vacancy  in  the  incoming  quasimolecular  state.  In  order 
to  verify  this  model,  the  dependence  of  the  K  X  ray  cross  section  on  the  pro¬ 
jectile  charge  state  has  been  measured  (9,10,13). 

Recently,  by  utilizing  the  accel-decel  method,  large  variations  of  the  charge 
states  at  a  rather  low  collision  velocity  have  been  achieved.  One  result  for 
Sn-Xe  is  displayed  in  the  previous  article  (34).  In  fig. 7  the  total  cross  sec¬ 
tions  for  2  MeV/N  Kr9'^  ->■  Kr  and  3.6  MeV/N  Xe9'''-Xe  are  plotted  as  functions  of 
the  number  of  electrons  in  the  ion.  These  experiments  were  performed  with  decel¬ 
erated  beams  at  GSI.  The  open  circles  are  from  a  direct  measurement  of  the  total 
K  X  ray  cross  section  for  Xe  on  Xe  (35).  The  open  squares  and  full  dots  for 
Kr  on  Kr  were  obtained  from  the  impact  parameter  dependent  K-vacancy  probabil¬ 
ities  (ref.(3o)  and  next  paragraph)  using  ok  =  2n  /  b'Pf;(b)  db.  Within  the 
systematic  error  bars  of  about  30%  which  usually  exist  in  such  measurements 
the  two  methods  agree. 

The  total  cross  section  is  about  constant  for  projectile  charge  states  lower 
than  Ne-like.  This  behaviour  is  explained  as  being  due  to  excitation  into  higher 
states  and  ionization.  The  strong  increase  of  the  cross  section  with  the  number 
of  projectile  L-shell  vacancies  was  seen  as  an  indication  for  the  operation 
of  the  2pTT-2po  rotational  coupling  mechanism.  The  increase  which  is  predicted 
(37)  by  the  2pTT:-2pu  rotational  coupling  model  is  shown  by  the  full  line  for 
Xe-Xe  and  by  the  dashed  line  for  Kr-Kr.  The  increase  in  the  data  points  is  some¬ 
what  weaker  than  predicted  by  2ptt-2p(j  rotational  coupling  and  the  additional 
assumption  of  statistically  distributed  projectile  L-vacancies  between  the  almost 
degenerate  L-shell  states  of  projectile  and  target.  This  deviation  could  be  due 
to  a  nonstatistical  distribution  of  the  L-vacancies  among  the  L  shell  states 
caused  by  couplings  to  higher  (e.g.  M  shell)  states. 
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FIGURE  7  Total  K-shell 
excitation  cross  section 
as  function  of  the  number 
of  electrons  in  the  pro¬ 
jectile,  open  circles  from 
ref  (35),  squares  and  full 
dots  from  ref  (36). 


FIGURE  8  K  X  ray  cross 
sections  for  20  MeV  SP'*' 
ions  in  He  and  Ar  gas  tar¬ 
get  as  function  of  the 
charge  state  q  (open  and 
full  circles  are  from  ref 
(39)). 
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As  pointed  out  in  the  literature  (e.g.  38,39)  this  charge  state  dependence 
alone  cannot  be  seen  as  a  proof  for  the  operation  of  the  2pit-2po  rotational 
coupling  mechanism.  This  is  demonstrated  in  an  obvious  way  by  K  X  ray  cross 
sections  measured  in  a  symmetric  and  a  very  asymmetric  collision  system.  An 
example  of  a  recent  measurement  (39)  using  decelerated  20  MeV  SO'*’  beams  in 
Brookhaven  is  given  in  fig. 8.  The  K  X  ray  cross  sections  increase  with  an  Ar 
target  in  the  same  way  for  q  J  6  as  with  a  He  target.  In  the  very  asymmetric 
collision  system  S  on  He,  however,  the  2pTt-2po  rotational  coupling  cannot  effec¬ 
tively  operate.  Therefore  excitation  into  bound  states  might  show  the  same  pro¬ 
jectile  charge  state  dependence  as  2pt(-2po  rotational  coupling,  as  it  is  seen  in 
fig  8.  A  much  better  tool  to  identify  these  channels  is  the  impact  parameter 
dependence  of  the  K  vacancy  probability.  In  part  4  this  subject  will  be  briefly 
discussed. 

The  very  large  increase  in  the  projectile  K  X  ray  cross  section  for  H-like 
and  bare  ions  in  fig  R  is  due  to  electron  capture  into  excited  states  of  the 
He-like  and  H-like  ions.  The  strong  increase  in  the  cross  section  for  Ar  K  X 
rays  is  caused  by  the  quasiresonant  K-K  transfer  process  which  will  also  be 
discussed  in  the  following  paragraph. 


4.  INNER  SHELL  ELECTRON  TRANSFER  AND  EXCITATION:  IMPACT  PARAMETER  DEPENDENCES 

The  impact  parameter  dependence  of  inner  shell  vacancy  production  is  usually 
determined  by  measuring  characteristic  X  ray-particle  coincidences.  The  scatter¬ 
ing  angles  are  converted  into  impact  parameters  (b)  by  use  of  a  screened  Coulomb 
potential.  The  probability  is  obtained  by  correcting  the  true  coincident  X  rays 
with  fluorescence  yield  and  detection  efficiency,  and  normalizing  this  to  the 
number  of  detected  particles  at  b.  Examples  for  the  K  vacancy  probability  PK(b) 
in  slow  symmetric  collision  systems  was  already  given  in  the  review  by  U.  Wille 

(34)  and  in  refs(5-8,10-12,36,40.41) . 

Here  we  want  to  show  the  PK(b)  measured  from  collisions  with  highly  ionized 
and  decelerated  Kr  and  Xe  projectiles  with  Kr  and  Xe  gas  targets,  respectively 

(35) .  These  are  the  probabilities  from  which  the  total  cross  sections  in  fig. 7 

were  obtained.  For  a  comparisoD  (in  fig. 9)  with  PK(b)  from  lighter  collision 
systems  (Ne'*’  on  Ne  (40)  and  on  Ar  (5))  we  use  the  reduced  impact  parameter 

scale  b'  =  (a/v)l/3b  in  atomic  units, where  a(Zi,Z2)  is  the  coefficient  in 

a  quadratic  expansion  of  the  2pn-2po  energy  difference 

The  Ne-Ne  and  Cl-Ar  data  is  normalized  at  the  maximum  to  the  same  value 
of  0.5,  because  the  fluorescence  yield  in  these  light  systems  has  a  large 
uncertainty.  In  the  heavier  systems  Kr-Kr  and  Xe-Xe  the  fluorescence  yield 
correction  does  not  cause  a  large  error  in  the  probabilities.  They  are  therefore 
plotted  in  absolute  values  with  respect  to  one  vacancy  in  2pTc^,  the  state  which 
couples  to  the  2pa.  The  normalization  constant  is  obtained  from  the  number  of 
L-vacancies  in  the  projectile  and  their  statistical  distribution  among  the  L- 
shell  states.  These  probabilities  P(b')  in  fig.9  for  Kr-Kr  agree  reasonably 
well  with  those  of  Xe-Xe  in  absolute  value,  but  at  maximum  they  are  both  clearl 
below  the  theoretically  expected  values.  This  behaviour  was  already  found  in 
the  total  cross  sections  of  fig. 7  and  a  possible  reason  was  given  there. 

Comparing  the  shape  of  the  P(b')  curves  for  the  very  different  collision 
systems  one  finds  in  all  of  them  a  similar  behaviour  with  a  maximum,  the  so 
called  adiabatic  maximum,  at  about  the  same  position.  The  adiabatic  maximum 
in  Xe-Xe  could  be  shifted  to  somewhat  smaller  b'  values  which  might  be  explained 
by  a  relativistic  effect.  The  fine  structure  splitting  (see  fig. 6)  between 
1(3/2),  3(1/2)  (2pTt)  and  2(1/2)  (2po)  has  in  Xe-Xe  already  reached  30%  of  the 
L-binding  energies.  The  dashed  line  in  fig.9  considers  this  relativistic  effect 
(43)  in  the  reduced  impact  parameter  representation. 

In  the  following  part  we  report  investigations  of  K-shell  to  K-shell  charge 
transfer  processes  with  H-like  decelerated  beams  which  causes  e.g.  the  drastic 
rise  of  the  Ar  K  X  ray  cross  section  seen  in  fig. 7.  The  first  observation  of 
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FIGURE  9  Normalized  K-vacancy  probabilities  as  function  of  the  reduced  impact 
parameter  b'  (for  ref.,  normalization  and  lines  see  text) 


this  process  was  achieved  with  H  and  He  beams  obtained  directly  from  an  ion 
source  and  a  H  or  He  gas  target  (44-46).  The  oscillating  structure  seen  in  the 
capture  probability  as  function  of  the  collision  energy  was  correctly  interpreted 
(47)  as  the  quantum  mechanical  interference  of  the  transition  amplitude  for  in- 
and  outgoing  parts  of  the  collision  trajectory. 

First  experiments  with  heavy  ions  were  performed  (11)  with  S  poststripped 
at  32  MeV  to  charge  state  15+  by  observing  characteristic  X-ray  particle  coinci¬ 
dences  from  collisions  with  Ar.  Here  we  report  similar  experiments  (see  also 
ref  (48))  for  the  same  collision  system  which, by  exploiting  the  accel-decel 
technique,  reached  much  higher  orecision  and  lower  collision  energies.  Similar 
studies  of  this  effect  were  performed  for  tlie  FH'''-Ue  collision  syste'!i  by  Ne 
K  Auger-eleclron-particle  coincidences.  Those  were  reported  at  the  previous 
ICPEAC  (49)  and  in  ref  (12).  Total  cross  sections  for  single  and  double  K-K 
transfer  were  measured  at  somewhat  higher  energies  for  a  large  variety  of  colli¬ 
sion  systems  by  Hall  et  al.  (  14)  and  Chetioui  et  al.  (13).  ,5^ 

In  the  experiment  at  the  Heidelberg  Linac  performed  with  decelerated 
ions  colliding  with  Ar,  K  X  rays  of  projectile  and  target  were  measured  in  Coin¬ 
cidence  with  scattered  particles.  The  target  (Ar)  K  vacancy  probabilities  Pfr''(b) 
are  plotted  for  4.7,  7.9,  16,  32,  and  90  MeV  collision  energy  in  fig. 10.  The 
data  reveal  clear  oscillations  as  a  function  of  b  with  an  increasing  "frequency" 
with  decreasing  collision  velocity.  The  P|c’"(b)  extend  with  a  considerable  prob¬ 
ability  to  very  large  b,  more  than  three  times  the  K-shel 1  radius.  This  is  the 
reason  for  the  stromly  enhanced  target  K-X-ray  emission  cross  section  as  soon 
as  the  projectile  b  .ars  a  K-vacancy,  as  observed  e.g.  in  20  MeV  SI'’'  >  Ar  (fig.  7). 

The  probabilities  for  K-vacancy  production  by  2pTi-2pa  rotational  coupling 
and  ionization  have  been  measured  for  32  MeV  S'*'5.11  on  Ar  as  function  of  b  by 
Nolte  et  al.  (6).  The  Ar  K-vacancy  probability  extracted  from  these  data  is 
represented  in  fig.lOby  the  dashed  line.  We  see  that  it  only  has  a  considerable 
probability  at  small  b  relative  to  the  b-range  of  K-  to  K-shel 1  transfer  and 
it  only  has  a  comparable  probability  with  those  of  at  values  of  b  where 
the  K-K  charge  transfer  probability  has  a  minimum.  If  the  2pTt-2po  rotational 
coupling  channel  is  included  coherently  it  could,  however,  have  a  dramatic  effect 
on  the  K-  to  K-shell  charge  transfer  probabilities,  as  will  be  discussed  below. 
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Various  models  for  the  coupling  between  the  two  states  2pa  and  Iso  correspond¬ 
ing  to  the  K-shell  states  of  the  two  collision  partners  have  been  proposed  (see 
e.g.  ref (50-57))  to  describe  the  oscillating  structure  found  in  K-  to  K-shell 
charge  transfer.  Most  of  these  calculations  have  taken  into  account  only  the 
coupling  between  the  two  quasimolecular  states  Iso  and  2po,  neglecting  couplings 
to  higher  orbitals  (see  fig. 6).  Within  such  two-state  models  of  a  long  range 
coupling,  oscillations  in  the  vacancy  transfer  probability  can  be  understood  as 
follows.  It  is  known  (see  e.g.  in  refs,  given  above)  that  nonadiabatic  transi¬ 
tions  between  the  two  interacting  states  take  place  over  a  range  of  internuclear 
distances  around  some  coupling  distance  far  outside  the  K-shell  radius  of 
either  of  the  collision  partners.  The  Iso  and  2pa  wave  functions  evolve  adia- 
batically  during  the  collision,  changing  their  phases  according  to  their  energy 
values  Eijg  and  E^p^j.  This  phase  difference  integrated  along  the  trajectory 
is  then: 

i|i  =  i  [  AE(R(t))dt  =  —  [  AE  [1] 

ft  >  ftv  I  /R“-b^ 

0  b 

The  interference  between  the  two  wave  functions  produces  the  oscillations  in 
the  transfer  probability  according  to  this  phase  difference.  This  means  that 
an  experiment  accurately  determining  the  interference  pattern  allows  a  spectro- 


tOOO  8000  12000  16000 


b[fm] 

FIGURE  10  Target  K  vacancy  probability  as  function  of  impact  parameter  from 
collisions  with  H-like  S  ions  at  different  energies  (full  lines  are  drawn  to 
guide  the  eye,  dashed  line  see  text). 
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scopy  of  the  quasimolecular  lsa-2po  energy  difference  AE(R)  in  such  a  ccllision 
system.  An  analysis  of  the  data  in  this  respect  was  performed  in  ref 

(48).  If  the  LCAO  for  the  wavefunctions  is  used  one  obtains  (50,47); 

P2  =  4P^(1-P^)  sin^  4 

where  P^  is  the  transfer  probability  for  double  passage  through  the  coupling 
region  at  Rq,  P^  is  the  probability  for  a  single  passage  of  R^. 

With  relation  (2)  one  gets  extrema  for  (j)  =  (n  -  l/2)n:  where  the  maxima  are 
at  n=l,2,...  and  the  minima  at  n=3/2,5/2, , . .  The  different  maxima  and  minima 
can  be  identified  in  fig. 10  according  to  their  respective  n-values,  so  that 
the  phase  difference  is  known  for  the  b-values  corresponding  the  maxima  and 
minima.  According  to  [1]  these  phase  differences  multiplied  by  v  should  define 
a  ''ommon  curve.  In  Fig.  11a  the  values  of  "hvcji 'nv(n-l/2)n  are  plotted  as  function 
of  the  impact  parameter,  and  indeed  all  data  points  fall  within  the  error  bars 
on  a  common  curve. 

The  2po-lso  energy  difference  AE(R)  in  the  S-Ar  quasimolecule  obtained  from 
HE  calculations  (57)  fo.  neutral  projectile  and  target  atoms  is  shown  in  fig. 11b 
and  the  corresponding  phase  integral  in  fig  11a  by  the  full  line.  A  fit  of  the 
phase  integral  to  the  data  points  (fig  11a  dashed  line)  with  a  parametrization 
of  AE  gives  the  dashed  line  in  fig. 11b  as  an  energy  curve. 

Furthermore, sensitive  tests  of  the  dynamical  couplings  between  the  innermost 
quasimolecular  states  can  be  performed  using  the  interference  structure.  Compar¬ 
isons  with  calculations  of  this  kind  have  been  made  in  ref  (48).  The  agreement 
with  a  two  state  molecular  approximation  (57)  improves  with  decreasing  velocity. 
However,  also  at  low  velocities,  a  large  deviation  in  phase  remains  at  small 
impact  parameters  which  will  be  discussed  with  the  following  example.  There 
we  want  to  point  out  an  influence  of  the  coherent  inclusion  of  the  2pu-2po  rota¬ 
tional  coupling  channel  on  the  phase  of  the  2po-lso  radial  coupling  probability. 
This  effect  has  been  discussed  already  by  McCarroll  and  Piacentini  (58)  for 
low  energy  proton-hydrogen  collisions.  In  that  work  it  was  shown  that  for  de¬ 
creasing  collision  velocities  at  a  fixed  laboratory  projectile  scattering  angle. 
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FIGURE  11a  The  product  of  phase  and 
velocity  as  function  of  impact  para¬ 
meter  b.  The  full  and  dashed  lines  are 
results  of  the  phase  integrals  of  the 
2po-lso  energy  difference 


FIGURE  11b  The  full  line  is  from  a 
HF  calculation  (57),  the  dashed  is 
from  a  fit  to  1i  v  If. 
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the  charge  exchange  probability  is  out  of  phase  by  a  factor  of  it  with  the  experi¬ 
mental  results  of  Helbig  and  Everhart  (46)  if  the  2pn-2pa  rotational  coupling 
is  not  taken  into  account.  This  effect  is  also  indicated  in  the  present  results 
as  exemplified  in  a  comparison  of  the  dashed  and  dotted  curves  with  the  16  MeV 
and  3?  MeV  S^^+.Ar  data  in  figs. 12  and  13.  Both  curves  were  calculated  with  one- 
electron  diatomic-molecule  wavef unctions  and  coupling  matrix  elements,  and  using 
the  routine  TANGO  (59)  for  an  integration  of  the  coupled  state  equations. 
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FIGURE  12  P^'^(b)  for  32  MeV  S''5+  in  comparison  with  results  of  Lin  (54)  (full 
line),  of  Fritsch  (55)  (dash-dot  line).  Two  state  (dotted  line)  and  three  state 
(dashed  line)  MO  calculation. 


FIGURE  13  Same  as  fig. 12  for  16  MeV. 


Collision  Physics  with  Highly  Stripped  Slow  Ions 


311 


The  clotted  curve  in  figs.  12  and  13  presents  the  results  of  a  two-state  cal¬ 
culation  where  orily  the  2pa  and  Iso  states  were  included.  At  16  MeV  we  find 
the  minimum  in  at  around  2300  fm  whereas  by  this  two-state  calculation 
a  maximum  is  predicted  to  occur  at  this  impact  parameter.  The  predictions  of 
this  calculation  are,  however,  not  so  bad  for  larger  impact  parameters  (b  > 

6000  fm)  showing  there  a  relatively  good  agreement  with  our  data.  A  second  cal¬ 
culation  involving  the  2pit,  2po  and  Iso  states  is  shown  in  figs.  12  and  13  as 
dashed  curves.  We  see  that  the  inclusion  of  the  2pTr  state  (and  therefore  of 
the  2pTr-2po  rotational  coupling)  has  two  obvious  effects.  Not  only  does  it  pro¬ 
vide  a  much  better  prediction  of  the  position  of  maxima  and  minima,  but  it  also 
raises  the  absolute  value  of  the  charge  exchange  probability  in  the  minimum 
bringing  it  into  good  agreement  with  the  measured  value. 

The  two  state  atomic  expansion  (AO)  (54)  agrees  quite  well  at  higher  veloc¬ 
ities  where  molecular  effects  are  not  important.  A  comparison  of  this  calculation 

(54)  with  the  data  is  shown  in  figs. 12  and  13  by  the  full  line.  A  calculation 

(55)  in  such  an  atomic  basis  (A0+)  which  includes  more  states  as  well  as  united 
atom  orbitals  placed  at  the  two  charge  centers  is  shown  by  the  dashed  dotted 
line  in  figs. 12,  13  and  for  7.9  MeV  on  Ar  in  fig. 14.  The  agreement  with  the 
data  is  substantially  improved.  The  numerical  integration  of  the  time  depend¬ 
ent  Schrbdinger  equation  (60)  for  the  collision  system  on  Arl^'*'  is  in  good 
accordance  with  the  data  at  all  collision  energies  (see  ref  (48)).  In  figs. 12 
and  14  an  example  of  these  calculations  is  given  by  the  open  circles.  Also 
shown  there  by  the  dashed  line  are  the  results  of  an  MO  approximation  of 
Stolterfoht  (57).  In  ref  (48)  a  semiempirical  formula  was  also  derived  which 
showed  reasonable  agreement  with  the  S-Ar  data  and  the  data  of  ref  (12)  and 

is  rather  useful  to  estimate  K-  to  K*shell  tran<:fpr  probabilities. 


A  ^ 

FIGURE  14  Comparison  of  Pv  with  results  of  Fritsch  (55)  (A0+,  dashed  dotted) 
of  Stolterfoht  (57)  (dashed),  and  of  Griin  (60)  (circles).  * 
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5.  QUASIMOLECULAR  X  RAYS  FROM  COLLISIONS  WITH  H-LIKE  DECELERATED  PROJECTILES 

The  direct  spectroscopy  of  the  quasimolecular  states  formed  transiently  during 
a  collision  was  the  main  goal  of  measuring  quasimolecular  X  rays  in  recent  years. 
These  X  rays  are  emitted  by  radiative  transitions  during  the  collision  thus 
resulting  in  a  broad  continuum  above  and  below  the  characteristic  lines  of  pro¬ 
jectile  and  target  atom.  Here  we  want  to  consider  again  only  transitions  into 
the  innermost  quasimolecular  (Iso)  state,  and  collisions  of  H-like  projectiles. 
These  provide  the  Isa  vacancy  which  is  necessary  for  the  decay. 

In  previous  studies  {see  e.g.  61,62),  with  projectiles  in  lower  charge  states 
(as  they  are  usually  obtained  from  the  accelerator)  the  spectroscopic  informa¬ 
tion  was  not  clearly  visible.  The  method  of  finding  end  points  or  structures 
in  the  quasimolecular  spectra  failed  mainly  for  two  reasons:  The  Heisenberg 
broadening  of  the  transition  makes  an  end  point  of  the  spectrum  at  the  united 
atom  transition  energy  to  vanish.  Structures  like  those  expected  from  an  inter¬ 
ference  of  transition  amplitudes  on  the  incoming  and  outgoing  part  of  the  colli¬ 
sion  cannot  appear  when  the  Iso  vacancy  needs  first  to  be  created  in  the  colli¬ 
sion.  Also  investigations  in  a  different  line,  such  as  measuring  the  anisotropy 
were  not  successful  although  they  were  very  helpful  for  the  understanding  of 
the  radiation  process.  Anisotropies  with  a  maximum  at  about  the  united  atom 
transition  energy  were  indeed  observed  (62).  However,  it  was  found  that  the 


FIGURE  15  Quasimolecular  X  ray  emission  probabilities  for  different  collision 
energies  and  impact  parameters.  The  full  line  represents  a  dynamical  calculation 
by  Anholt  (67)  in  absolute  scale. 
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physical  reason  leading  to  this  anisotropy  is  too  complex  to  be  of  any  use  for 
spectroscopic  purposes. 

Taking  advantage  of  decelerated  highly  charged  ions,  these  problems  could 
be  circumvented.  With  H-like  ions  the  Iso  vacancy  can  be  present  already  in 
the  incoming  part  of  the  collision,  and  at  low  collision  velocity  the  Heisenberg 
broadening  is  reduced.  One  could  then  expect  to  find  interference  structure  in 
the  quasimolecular  X  ray  spectra  as  predicted  by  Lichten,  Macek  and  Briggs  (63, 
64).  This  observation  was  indeed  made  with  Cllb^  ions  decelerated  to  2.5,  5,  10 
and  20  MeV,  which  have  single  collisions  with  atoms  in  an  Ar  gas  target  (65,66). 

Some  examples  of  the  X  ray  spectra  at  different  impact  parameters  of  the 
scattering  event  and  different  collision  energies  are  shown  in  fig. 15  and  16. 

The  structure  appears  clearly  at  lower  collision  energies  and  small  impact  para¬ 
meters.  A  shift  of  the  maxima  and  minima  with  both  b  and  E  can  be  observed. 

The  curves  in  fig. 15  are  from  a  dynamical  electron  slip  calculation  done 
by  Anholt  (67).  The  quasimolecular  energy  levels  used  there  are  scaled  from 
the  many  electron  u.a.  Kj,  energy.  A  good  agreement  in  the  shape  is  obtained. 
However,  the  level  of  disagreement  in  absolute  value  is  not  very  clear.  Possible 
experimental  uncertainties  which  could  lead  to  lower  probabilities  are  discussed 
in  ref  (68) . 

The  curve  in  fig. 16  represents  a  uniform  approximation  of  the  phase  (69). 

A  quadratic  expansion  of  the  transtion  energy  AE  in  the  collision  time  around 
the  turning  point  (t=0)  AE(t)  =  AEg-ct^  leads  to  a  closed  form  for  the  Fourier 


FIGURE  16  Quasimolecular 
X  ray  spectra  in  comparison 
with  Airy  functions  from 
ref  (69). 


314 


R  Scliuch 


integral  (64):  +<»  t  ^ 

I(E^)  -  j  j  dt  D.^(R(t))  exp  i/R  (E^t  -  j  AE  dT)| 

_£0  0 

(D-|f{R)  is  the  dipole  transition  matrix  element)  in  the  form  of  an  Airy  function 
(69): 

I(E^)  -c  |Ai  (  (E^.AE^)/c^/2)1^ 

In  ref  (69)  the  two  free  parameters  AEq  and  c  were  chosen  so  that  UEj^)  fits 
the  2.5  MeV  measurement  and  with  these  the  spectrum  of  20  MeV  was  calculated. 

One  can  therefore  apply  this  formula  to  fit  the  spectra  at  different  b  and  £ 
in  order  to  construct  the  quasimolecular  lso-2pTt  transition  energy  AE  as  function 
of  R.  Such  an  analysis  was  done  in  ref  (70)  and  these  results  are  shown  in  fin. 

17  by  the  full  dots.  These  are  the  transition  energies  at  the  turning  point  for 
different  b  and  they  are  therefore  restricted  to  small  b. 

For  extracting  the  AE(R)  at  larger  R  from  the  interference  structure  a  linear 
expansion  of  AE(t)  in  small  intervals  around  a  stationary  point  (tp>o)  should 
be  a  good  approximation.  The  stationary  point  is  defined  by  Ex=AE(tQ)  and  this 
so  called  stationary  phase  approximation  (66)  gives  a  cos^4{Ex^  dependence  of 
the  spectral  shape  from  a  phase:  ^ 

(^x)  -  j  dt)  .  [2] 

2ri  ■ 


The  analysis  of  the  interference  structure  in  this  way  was  made  in  ref  (66). 

It  uses  only  the  E  values  of  the  maxima  and  minima  which  give  the  mean  colli¬ 
sion  time 

■R  Tt 


^^^max'^min^ 

corresponding  to  a  mean  transition  energy  AE  = 


^^max~^min^ 


fi 

The  AE{R)  so  obtained  are  plotted  as  open  dots  in  fig. 17.  It  is  obvious  that 
all  energy  points  from  different  collision  energies,  impact  parameters,  and 
from  the  quadratic  or  linear  expansion  fall  together  within  the  error  bars  on 
a  common  curve.  These  points  should  represent  mainly  the  2pTt-lso  transition 
energy  at  large  R  (there  Djpo-  Isa  0)  and  a  superposition  of  2pu-lsa  and 
2po-lsa  at  small  R,  where  tne  2pTi  and  2po  binding  energies  are  anyhow  nearly 
degenerate. 

In  fig.  17  two  theoretical  predictions  for  the  2pTr,  2po  ->■  Iso  transition 
energies  are  plotted.  The  full  curve  and  dashed  curve  are  scaled  from  the  very 
frequently  used  energy  curves  (71)  for  2pa  -►  Iso  and  Zpix  Iso  transitions, 
respectively.  A  correction  for  the  screening  is  done  following  Heinig  et  al. 

(72)  by  adjusting  Zeff  to  the  neutral  separated  atom  and  u.a.  transition  ener¬ 
gies.  There  is  a  clear  discrepancy  both  in  value  and  shape. 

Very  good  agreement  is  obtained  with  2pTr-lso  energies  from  a  Dirac  Fock  Slater 
calculation  for  a  10  times  ionized  Cl  Ar  quasimolecule  (33)  (dashed  dotted 
line).  The  energy  curves  of  this  calculation  are  displayed  in  fig. 6. 

Similar  studies  were  performed  for  the  S^^'*'  +  Ar  collision  system  (73).  Here 
also  the  anisotropy  of  the  quasimolecular  X  rays  was  investigated.  We  found 
a  small  shift  of  the  interference  structure  at  different  observation  angles 
with  respect  to  the  beam  axis.  Such  anisotropy  measurements  with  H-like  ions 
could  distinguish  the  energy  curves  of  transitions  from  2pTt  and  2po  states  (74). 

One  main  goal  in  the  studies  of  such  interference  structures  is  the  spectro¬ 
scopy  of  superheavy  quasimolecular  states.  One  very  important  condition  which 
needs  to  be  fullfilled  is  to  have  very  heavy  hydrogen-like  projectiles.  With 
the  new  generation  of  heavy  ion  accelerators  (synchrotron  and  storage  ring  (75)) 
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FIGURE  17  Experimentally  deter¬ 
mined  2pn-lso  transition  ener¬ 
gies  in  the  Cl-Ar  quasimolecule 
as  function  cf  the  internuclear 
distance  R  (for  lines  see  text). 


it  should  be  possible  to  obtain  even  bare  U-nuclei  decelerated  down  to  below 
the  Coulomb  barrier  (6  MeV/N), 

Still  one  needs  to  fullfill  the  condition  of  single  collisions  for  K-shell 
processes,  which  seems  to  require  thin  gaseous  targets.  Here  recently  an  impor¬ 
tant  result  was  obtained  (76)  by  bombarding  a  Mo  solid  target  with  Kr^^*  decel¬ 
erated  to  4.5  MeV/N.  With  a  careful  selection  of  this  target  foil  the  inter'fer- 
ence  structures  both  in  the  K-K  transfer  and  the  quasimoleoular  X  rav^  v.'orr" 
again  found.  Such  studies  can  therefore  be  performed  with  solid  targets  which 
is  important  for  heavier  systems  where  gas  targets  are  not  available. 

Also  for  the  following  application  of  interference  effects,  solid  targets 
would  be  essential.  Here  the  sensitivity  of  the  interference  structure  to  a 
small  change  in  the  collision  time  is  exploited.  In  an  inelastic  nuclear  reaction 
the  two  nuclei  stick  together  for  some  time  exchanging  mass,  energy  and  charge. 
The  sticking  time  is  calculated  from  models  for  this  transfer  to  be  in  the  order 
of  it  >10-2ls.  Observing  e.g.  the  quasimolecular  X  rays  from  collisions  of  H- 
like  projectiles  producing  such  a  sticking  event  a  shift  of  the  interference 
structure, which  depends  on  the  sticking  time  should  be  observable.  For  an  esti¬ 
mate  cf  the  sensitivity  of  this  method  we  use  relation  [3]  from  the  stationary 
phase  approximation  which  gives; 

AE  =  ?At(E  -E  -  )^/'nTt 

So  that  At  -  10’‘^'^s  corresponds  to  a  change  in  the  E^  difference  between  maxima 
and  minima  of  about  1  keV  in  an  intermediate  heavy  system  like  5  MeV/N  Zr^S'*’ 
on  Mo.  This  shift  should  be  delectable.  The  "atomic  clock"  for  nuclear  sticking 
could  further  be  calibrated  with  sub-Coulomb  collisions  in  the  way  described 
above,  so  that  a  clock  for  times  of  >  lO'^^s  could  be  available  in  the  future. 


6.  SUMMARY 

In  this  review  atomic  collisions  of  highly  stripped  ions  at  low  and  inter¬ 
mediate  velocities  with  respect  to  the  innei — shell  electron  orbiting  velocity 
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were  treated.  In  most  of  the  experiments  discussed, the  ions  were  produced  by 
poststripping  at  high  velocities  and  decelerating  with  the  second  stage  of  an 
accelerator. 

Electron  capture  processes  of  such  ions  in  dilute  gas  targets  were  found 
to  populate  predominantly  excited  states,  which  can  be  studied  by  high  resolu¬ 
tion  X  ray  spectroscopy.  It  has  been  indicated  that  precision  spectroscopy  of 
such  states  prepared  by  electron  capture  could  reach  a  high  accuracy  in  deter¬ 
mining  QED  and  electron-electron  interaction  effects. 

K  shell  processes  in  close  synmetrical  collisions  of  highly  stripped  ions 
revealed  two  main  coupling  channels,  2p!T-2po  rotational  coupling  as  long  as 
there  are  only  L-vacancies  in  the  projectile,  and  K-shell  to  K-shell  vacancy 
transfer  if  the  projectile  bears  a  K  vacancy.  The  impact  parameter  dependence 
gives  in  both  cases  very  detailed  informations  about  the  coupling  processes, 
especially  in  K-K  transfer  where  an  interference  structure  in  the  K  vacancy 
probability  is  observed. 

With  hydrogenlike  projectiles  the  quasimolecular  X  rays  show  an  interference 
structure  in  near  symmetric  collisions  at  fixed  impact  parameter.  This  can  be 
utilized  for  a  direct  spectroscopiy  of  the  2pit-2pa  quasimolecular  energies  as 
function  of  the  internuclear  distance. 

In  short,  it  could  be  said,  that  highly  stripped  slow  ions  can  give  very 
clear  and  detailed  information  about  atomic  collision  processes  and  they  open 
new  ways  for  accurate  X  ray  and  electron  spectroscopy.  This  is  in  particular 
fascinating  in  view  of  the  new  generation  of  ion  sources,  heavy  ion  accelerators 
and  storage  rings. 
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The  theory  of  laser-induced  charge  transfer  (LICT)  in  ion-atom  collisions 
is  presented  for  the  range  of  impact  energies  in  which  a  quasimol ecul ar 
description  is  appropiate.  For  each  relative  orientation  of  the  AC  field, 
LICT  cross  sections  can  be  obtained  with  trivial  modifications  of  standard 
programs.  Simpler,  perturbative  expressions  for  the  orientation-averaged 
cross  sections  are  accurate  for  I  v*'  <  10°  W  s  cm’’,  and  the  analytical 
Landau-Zener  perturbative  expression  often  provides  good  estimates  for 
these  cross  sections.  The  practical  advantages  of  the  dressed  state  forma¬ 
lism  as  an  alternative  approach  are  critically  examined,  and  the  general 
characteristics  of  LICT  cross  sections  in  multicharged  , on-atom  collisions 
are  shown  with  the  help  of  an  example. 


1.  INTRODUCTION 

In  the  last  decade,  the  ability  of  intense  optical  fields  to  modify  charge 
excnange  ion-atom  reaction  cross  sections  has  stimulated  considerable  interest 
(1-11).  In  particular,  attention  has  been  drawn  (3) (6) (7) (1 1 )  to  the  possibili¬ 
ty  of  using  laser  induced  charge  transfer  (LICT)processes  to  provide  informa¬ 
tion  on  tiie  impurity  content  of  magnetically  confined  fusion  plasmas,  and  to 
the  relevance  of  LICT  reactions  to  the  development  of  short  wavelength  lasers. 
From  the  theoretical  point  of  view,  the  basic  characteristics  of  laser  induced 
processes  in  ion-atom  reactions  are  known.  More  importantly,  existing  computer 
programs  that  calculate  field-free  charge  exchange  cross  sections  can  be  easily 
modified  to  include  the  radiation-matter  interaction,  and  simple  and  fast 
procedures  can  often  be  employed  to  estimate  the  cross  sections  for  a  given 
process.  A  summary  of  existing  theoretical  approaches  to  calculate  LICT  cross 
sections  is  presented  in  this  report.  I  shall  start  by  setting  up  the  basic 
equations  of  the  standard  quasimolecular  picture  of  the  collision  process, 
and  the  approximations  that  can  be  used  to  estimate  the  orientation  averaged 
LICT  cross  section.  For  ultraintense  laser  fields,  a  dressed  quasimolecular 
picture  of  collision  processes  is  often  advocated  as  being  better  adapted  to 
describe  these  processes;  the  practical  advantages  of  this  alternative  approach 
for  LICT  in  ion-atom  collisions  will  be  briefly,  and  critically,  examined.  Fi¬ 
nally,  the  general  characteristics  of  the  cross  sections  as  functions  of  laser 
wavelength  and  nuclear  velocity  will  be  described.  Atomic  units  will  be  used 
unless  otherwise  specified. 


2.  MOLECULAR  FORMALISM 

We  consider  an  ion-atom  collision  taking  place  in  the  presence  of  an  intense 
laser  radiation.  Because  of  the  very  larger  number  of  photons  in  the  laser  mode, 
it  can  be  accurately  described  (12)  as  a  classical  electromagnetic  field; 
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^(t)  =  cos  vut  +ri)  /!/ 

where  E„(a.u.)  =  5.338  x  10"^  (I  W  and  I  is  the  laser  intensity. 

Although  not  strictly  necessary  in  our  treatment,  the  theoretical  formalism  to 
describe  the  collision  process  is  simplified  when  a  semiclassical  description 
is  employed.  This  description  is  adequate  when  the  collision  energy  exceeds 
the  binding  energy  of  the  active  electrons  (usually  above  a  few  tens  of  eV 
amu'l).  In  it,  the  nuclei  are  assumed  to  follow  a  trajectory  R(t),  where  R  is 
the  internuclear  distance,  while  the  electronic  motion  is  represented  by  a  wa- 
vefunction  v  that  fulfills  the  Schroedinger  equation: 


-  IH 

3t  '  '”el 


Mint’ 


m 


where  H  ,  is  the  fixed-nuclei  Born-Oppenheimer  Hamiltonian,  and  Hint 
radiation-matter  interaction.  As  is  well  known  (12,13),  several  forms  for 
(in  the  usual  dipole  approximation),  differing  by  a  gauge  transformation, are 
equally  meaningful  and  give  identical  results  in  an  accurate  treatment;  for  the 
present  application  the  simplest  and  most  convenient  form  (14)  is  given  by  the 
£.jj  gauge,  with  in  71/  a  vector  of  polar  coordinates  (E^cbit)  in  a  laborato¬ 
ry-fixed  frame  with  the  1  axis  in  the  v  direction,  ^  the  electric  operator. 

Because  of  the  large  disparity  between  the  electronic  and  nuclear  masses,  a 
molecular  description  of  the  process  in  adequate  up  to  collision  energies  of 
the  order  of  tens  of  KeV  amu"\  the  relative  nuclear  velocity  being  smaller 
than  the  classical  velocity  of  the  active  electrons.  In  that  description,  the 
electronic  wavefunction  f  is  expanded  in  terms  of  the  set  of  eigenfunctions  of 

^1 

fi- 

f  =  I  a^(t)  x^(r,R)  exp  f-ij^  E^lR(t')  Idt '  1  73/ 

n 

and  this  ansatz  is  introduced  in  727,  yielding  a  system  of  coupled  differential 
equations  for  the  coefficients: 


da 

n 

dt 
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i  m'  "n'^int  at  '  ’‘m 


ft 

X  exp  {-i  (V^n’ 


747 


In  this  picture,  charge  transfer  and  excitation  processes  are  interpreted 
as  taking  place  through  dipole  (H-jj^t^  and  dynamical  (373t)  couplings  between 
the  molecular  channels.  In  the  vicinity  of  sharp  pseudocrossings  between  two 
molecular  energies  it  is  often  useful  to  replace  these  eigenfunctions  of  H  ,  by 
linear  combinations  of  them,  called  diabatic  (15)(16)  functions,  whose  character 
does  not  change  in  the  avoided  crossing  region  and  which  present,  therefore, 
a  negligible  small  dynamical  coupling  in  this  region.  Also,  in  the  intermediate 
range  of  nuclear  velocities  (0.1  v  ^  1  a.u.)  it  becomes  indispensable  to  in¬ 
troduce  translation  factors  (17)(16)  in  the  molecular  wavefunctions,  so  as  to 
ensure  Galilean  invariance  of  the  results. 

In  practice,  computer  programs  that  are  routinely  used  (18)  to  calculate  the 
cross  sections  for  the  field-free  case  can  be  implemented  with  little  modifica¬ 
tion  in  order  to  calculate  the  coupling  matrix  elements  and  to  solve  the  set  of 
differential  equations  747.  Integration  of  each  transition  probability  over  all 
impact  parameters  b  (i.e.,  over  all  nuclear  trajectories)  and  average  over  all 
initial  phases  n  in  717  yields  the  corresponding  laser  and  collision  induced 
cross  section  o  (  0,  <s) .  Averaging  over  all  initial  (quasi  )molecular  orientations. 
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or  equivalently  over  all  directions  of  gives  the  orientation-averaged  cross 
section  a  . 


3.  APPROXIMATE  MOLECULAR  TREATMENTS 

As  pointed  out  above,  solving  the  system  /4/  poses  no  difficulty.  However, 
angle  and  phase  averaging  can  render  this  procedure  unnecessarily  cumbersome 
when  orientation-averaged  cross  sections  5  are  required.  Fortunately,  several 
approximations  can  often  be  employed  (1){7)  to  drastically  reduce  the  computa¬ 
tional  effort.  Usually,  the  rotating  wave  approximation  applies,  and  photon-in¬ 
duced  transitions  occur  between  two  molecular  channels  xl  and  xg  which  are  cou¬ 
pled  by  the  operator  Provided  that  1  v' <  lO^  W  s  cm'3(7)  (11),  one  can 

employ  perturbation  theory  to  treat  the  photon-induced  process  and  set; 


ddp  ,  t 

i  -  =  a^(t)  f  'il  -  n  +  (E^-E^tu)  dt'j  }  75/ 

dt 


where  a^Itl  is  the  coefficient  of  xj  in  the  field-free  collision;  this  is  set 
a^  =  1  when  dynamical  couplings  to  other  molecular  channels  are  ineffective  in 
the  energy  range  considered;  otherwise,  it  has  to  be  evaluated  by  solving  eq. 

74/  for  the  field-free  case.  Except  for  very  high  intensities  or  transitions  ta¬ 
king  place  at  very  large  internuclear  distances  (11  Kquasimolecular  dipole  mo¬ 
ments  increase  linearly  with  R)  AC  Stark  shift  and  broadening  of  the  molecular 
energies  can  be  neglected  in  757. We  notice  that  the  phasenof  eq.717  does 

not  appear  in'^the  expression  of  the  LICT  transition  probability  Ia2(“)l^  and 
therefore  need  not  be  considered.  Furthermore,  orientation  averaging  of  the 
transition  probabiliby  can  be  performed  directly  so  that  closed-form  expressions 
for  5  are  obtained  in  the  following  way.  Consider  for  example  photon-induced 
transitions  between  two  sigma  states,  and  let  V(R)  be  the  effective  potential 
defining  a  nuclear  trajectory  R(t)  with  azimutal  angle  6  (19) 


e 
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(sinecos  ♦  sin  e  +  cos  0  cos  e 
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°  =  4;  1  lo 


bdb  = 
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db  b  (lAp  +  IBI^)  787 


where  A  and  B  are  given  by; 


a,(t)  fltly^^l  R(t)  ]  exp  I  -i  (E^-Egiw)  dt'  1  dt 


797 


and  f  ^  sin  e,  cos  e for  A,  B, respectively. The  corresponding  expression  for  t-  n 
transitions  is 

2n  9  l”  P  P  ? 

0  =  -J  cf  j  db  b  (lAI  +  IBr  +  |cr  )  7107 

where  C  is  also  given  by  79/  with  f=l.  For  the  special  case  of  straight  line 
trajectories  (7)  V  =  0  and  sin  a  =  b/R;  cos  0=  vt7R. 

It  is  clear  than  calculation  of  5  through  eqs.78/  and  710/  is  a  trivial  pro¬ 
blem,  even  if,  at  small  nuclear  velocities,  the  integrands  in  these  equations 
strongly  oscillate  as  functions  of  the  impact  parameter  b.  When  collision-indu¬ 
ced  transitions  can  be  neglected,  and  photon- induced  ones  are  completely  loca¬ 
lized  at  the  point  of  zero  detuning  Ei-E,  =iM  (where  the  phase  in  79/  is  statio¬ 
nary),  a  further  simplification  of  the  tneory  is  still  possible  (1,7)  and  pro- 
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vides  a  very  useful  procedure  to  estimate  Taking  a  1  in  79/  and  evaluating 
this  integral  by  the  method  of  stationary  phase  (20)  one  obtains,  for  b'  = 
=  Ro  1 1 -V IR  ,/E) ' ^"2  where  R  ,  is  the  point  of  stationary  phase: 


2  sin  -  (R.,) 


E,  -  E2 


1/2 


with  Fp=  d  E^/dR,  and  A  =  0(v‘l)for  b'>b,||gx.  The  corresponding  expression  for 
the  B  integral  is  similar,  with  cos instead  of  sin  e.  An  illustration  of  the 
result  of  using  this  stationary  phase  approximation  is  presented  in  Fig.  1  , 
for  2oa-3do  laser  induced  transitions  in  He2+  +  H  collisions  (7).  We  plot  the 
7  2  2  2 

values  of  i  lA  b( - )  and  t,  iBi  b  ( - )  for  a  laser  wavelength 

\  =  3000  an  intensity  I  =  10"Wcm"2  and  nuclear  velocity  v  =  1.55  x  10^  cm  s*' 
(for  smaller  velocities  the  oscillations  make  the  drawing  unclear).  To  avoid 
cramming  the  figure  with  curves,  only  the  non-osci 1 latory  factors  of  the  statio¬ 
nary  phase  approximations  for  A( _ )  and  B(- . )are  drawn.  The  accuracy  of 

these  approximations  worsens  as  we  .approach  the  point  of  stationary  phase  R.; 
notice  in  particular  the  divergence  of  the  approximation  for  the  A  integral  at 
b  =  R,. 

Reducing  the  integration  domain  in  /8/  to  [  O.bn,^^  )  <  ^nd  taking  the  average 
value  1/2  for  the  oscillatory  factor  in  /ll/,one  then  obtains  from  this  equa¬ 
tion  the  perturbative  Landau-Zener  expression  for  the  orientation  averaged 
cross  section  (21 ) : 


.''.2-.  I  1  - 


1  2  3  4  5  6  7 

IMPACT  PARAMETER  b  a.u. 


Fig.  1. 
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for  -  E  transitions,  and  twice  this  value  fort  -n  transitions.  The  general 
conditions  of  validity  for  the Landau-Zener  approach  are  known  (22) (23),  and  the 
simple  formula  712/  often  yields  accurate  values  for  5  provided  that  the  value 
of  carefully  evaluated.  Furthermore,  it  permits  drawing  general  con- 

clusions'^as  to  the  most  favourable  conditions  to  obtain  sizeable  LICT  cross 
sections  with  moderately  high  laser  intensities.  Transitions  involving  almost 
parallel  energy  curves  and  a  non-negl igible  dipole  matrix  element  at  large  in- 
ternuclear  distances  are  obviously  to  be  favoured.  Large  cross  sections  can  al¬ 
so  be  obtained  (11)  for  photon-induced  transitions  between  field-free  energies 
that  either  avoid  crossing  or  present  a  double  crossing;  in  both  these  cases, 
however,  the  value  of  the  integral  79/  is  often  not  solely  determined  by  the 
points  of  stationary  phase,  and  the  basic  assumptions  of  the  Landau-Zener  theory 
are  not  fulfilled.  Even  then,  eq.  7127  can  often  be  used  to  obtain  a  rough 
estimate  of  the  LICT  cross  sections,  and  the  accurateness  of  this  estimate  can 
be  predicted  from  consideration  of  the  values  of  the  molecular  energies  and 
transition  dipole  moments  as  functions  of  the  internuclear  distance. 


4.  DRESSED  STATE  FORMALISM 

It  is  well  known  that,  in  the  very  strong  laser  intensity  regime,  an  appro- 
piate  physical  basis  in  the  theory  of  laser-atom(molecule)  interactions  is  pro¬ 
vided  by  the  so-called  dressed  states,  or  molecular  quasistationary  states  mo¬ 
dified  by  coupling  to  the  external  AC  field.  These  states  can  be  determined  by 
using  a  quantized  field  approach,  or  equivalently  in  the  semiclassical  Floquet 
theory  (24-28).  To  be  consistent  with  our  semiclassical  formalism,  I  shall  adopt 
here  this  latter  theory,  and  I  shall  attempt  an  assessment  of  the  usefulness  of 
this  alternative  approach  over  the  more  "conventional"  one  presented  in  the  pre¬ 
vious  sections.  Before  exposing  the  theory,  two  differences  between  LICT  and 
laser-atom  interactions  are  worth  pointing  out:  i)  the  time  interval  when 
is  effective  is  usually  much  longer  in  the  latter  processes;  ii)  exhibits 
an  explicit  time  dependence,  via  the  nuclear  trajectory  R(t),  in  the  former 
case.  A  rigorous  theory  of  LICT  processes  in  the  dressed  state  formalism  has 
been  recently  put  forward  by  Ho  et  al  (8).  These  authors  show  that,  in  order 
to  construct  dressed  states  *  for  each  value  of  the  internuclear  distance,  one 
is  led  to  consider  first  R  and  t  as  two  independent  variables,  and  look  for 
solutions  of 


where  t 

a 


l^*el  ^  «int  .  CJR)  .Jr,R,t) 

are  the  quasi -energies;!)^  fulfills  the  periodicity  equation: 


7137 


(P  (  r,R,t  +  —  )=  't  (r,R,t) 

O -  Oi  -  • 
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The  standard  procedure  (24)  is  to  expand  it  in  a  Fourier  series  and  in  the  com¬ 
plete  set  of  eigenfunctions  of  'er 


C  .  X  •  6 
am  1 


inwt 
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Assuming  the  total  photon  number  to  be  sufficiently  large,  the  dressed  wave- 
functions  4’a  can  be  interpreted  (24)  as  linear  combinations  of  states  consis¬ 
ting  of  a  definite  photon  occupation  numbern  and  a  given  electronic  structure 
represented  by  x^.  Substitution  of  7157  into  713/  and  72/  leads  to  a  secular 
equation  for  the  Floquet  Hamiltonian: 
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where  H 


F 


is  an  infinite  dimensional 


block  diagonal  four-index  matrix: 


<njm=  6.,  6^^  .1  .o.ji,j(R)  [  ^ni.n.l  "  Vn-1  1 

where  indices  i,j  refer  to  electronic  states  and  n,m  to  photon  occupation 
numbers. The  sought-for  solution  of  eq./2/  is  then  expanded,  for  each  value  of 
R,  in  terms  of  the  complete  set  of  dressed  wavefunctions ; 

v  =  [  '•’a  [r,R(t),tl  exp  {-ij  t^(R(t)l  dt'  )  /18/ 


yielding  an  alternative  approach  to  the  usual  molecular  expansion  /3/.  In  ri¬ 
gour,  the  quasi-energy  spectrum  it^}  of  the  Floquet  Hamiltonian  forms  a  con¬ 
tinuum  (29-31), and  expansion  715/  is  only  useful  when  its  first  coefficients 
decrease  sufficiently  rapidly  so  that  it  can  be  truncated  to  yield  approxima¬ 
tions  1  to  the  quasi-energy  resonances.  It  can  then  be  shown  (32)  that 

this  truncation  requires  the  frequency  <o  to  be  much  larger  than  the  difference 
between  AC  Stark  shifts.  Since  for  LICT  processes,  heteronuclear  molecular 
electronic  states  have  permanent  dipole  moments  that  increase  with  R,  the  use¬ 
fulness  of  the  formalism  is  limited,  for  a  given  intensity,  to  high  enough  fre¬ 
quencies,  and  for  a  given  w,  (rather  paradoxically  for  an  ultrahigh  intensity 
method)  to  low  enough  I.  When  these  conditions  are  met,  one  can  restrict  the 
secular  equation  716/  to  that  of  a  small  block  of  the  Floquet  matrix.  For 
example,  single  photon  processes  can  be  treated  by  considering  a  2  x  2 
submatrix; 


and  succesive  bordering  of  7197  permits  to  treat  multiphoton  absorption  or 
emission. Substitution  of  7187  in  727  yields  a  system  of  coupled  differential 
equations  for  the  coefficients,  and  in  the  dressed  state  picture  the  LICT  pro¬ 
cess  is  visualized  as  ocurring  through  transitions  caused  by  radial  couplings 
at  avoided  crossings  between  the  quasi-energies,  which  are  situated  at  the 
points  of  zero  detuning  in  the  previous  molecular  formalism.  Since  new  radial 
couplings  <♦(, 1 373R I need  to  be  calculated,  the  practical  advantages  of  this 
dressed  state  formalism  over  the  standard  approach  are  not  obvious.  Moreover, 
even  within  the  two-state  approximation  7197,  when  the  radial  coupling 
<x^|373R|x2^  is  effective  in  causing  transitions,  the  dressed  states  arising 
from  the  eigensolutions  of  the  infinite  set  of  submatrices: 


are,  in  general,  all  radially  coupled,  and  the  computational  effort  is  thereby 
enormously  increased. 
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5.  CROSS  SECTIONS 

Calculated  values  of  cross  sections  for  laser  induced  charge  transfer  in 
multicharged  ion-atom  collisions  are  reported  in  refs.  {7)(9)(10)(11 ).  To  show 
the  basic  characteristics  of  the  cross  sections  as  functions  of  wavelength  and 
nuclear  velocity,  I  shall  take  the  specific  case  of  C°'*'  +  H(ls)  +  hv  collisions 
(11),  and  present  the  results  (calculated  using  eqs.  /8/  and  /10/)  for  the 
orientation-averaged  cross  sections. 

The  energy  correlation  diagram  for  the  CH°^  quasimolecule  is  presented  in 
Fig.  2.  For  R  <  20  a.u.  the  entrance  channel  is  described  by  the  5ga  molecular 
orbital,  whose  energy  diabatically  correlates  to  H(ls)  at  infinite  inter- 
nuclear  separation.  The  values  of  the  transition  dipole  moments  between  this 
channel  and  other  molecular  states  are  shown  in  Fig.  3.  For  two  nuclear 
velocities: (1 )  0.5  x  10^  cm  s"'  and  (2)  10^  cm  s"^,  the  orientation-averaged 
LICT  cross  section  is  plotted  in  Fig.  4  as  a  function  of  the  laser  wavelength, 
for  several  processes  with  different  characteristics.  It  will  be  noticed  that 
LICT  cross  sections  have  a  common,  and  useful .feature,  which  is  their  relative 
intensitivity  to  the  precise  wavelength  employed  within  a  wide  interval  of 
This  favours  the  use  of  powerful  (Nd,C02)  lasers,  and  solid  state  frequency  mul¬ 
tipliers  when  the  wavelength  should  be  in  the  visible  or  ultraviolet.  We  also 
notice  that  the  final  output  of  the  reaction,  i.e.  the  resulting  radiation  from 
the  c5+  Ions,  corresponds  to  soft  X-ray  photons,  and  this  feature  might  be  of 
relevance  in  the  development  of  short  wavelength  lasers. 

Fig.  4a  corresponds  to  5go-6ho<,transitions,  and  the  maximum  cross  sections, 
for  a  wavelength  range  2600-3600  A  are  accurately  given  by  the  Landau-Zener 
formula  712/  and  a  straight  line  trajectory  (ViO).  It  is  worth  pointing  out  that 
the  range  of  frequencies  that  yield  a  maximum  5  corresponds  to  a  range  of  R,, 

(the  point  of  stationary  phase)  from  10.65  a.u.  to  12.2,  while  the  5go-6ha  tran¬ 
sition  dipole  matrix  element  peaks  for  R  =  7  a.u..  This  shows  that  it  is  not  op¬ 
timal  to  use  a  laser  frequency  equal  to  Ej-Eo  distance  where  presents 

a  maximum  value,  as  might  be  thought  at  first  sight.  The  reason  may  be^seen  from 
eq.  712/:  a  larger  value  Rc  ’  7  a.u.  means  that  the  magnitude  of  the  transition 
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dipole  is  decreased,  but  this  overcompensated  by  an  increase  of  the  range  of 
impact  parameters  contributing  to  LlCi  (Ro  is  larger  in  eq./12/)  and  an  enhance¬ 
ment  of  the  effectiveness  of  the  transition  because  the  angle  of  intersection 
of  the  electron  +  field  energy  curves  ^'J)and  E^  is  .mailer  (lE^-F^i  is 
smaller  in  eq.  /12) . 

The  cross  section  of  Fig.  4b,  corresponding  to  5go  -4fo  induced  photon  emi¬ 
ssion,  peaks  for  a  values  of  a  =^4000  For  these  wavelengths,  laser  induced 
transitions  occur  within  the  avoided  crossing  region  between  the  field  free 
energy  curves;  then,  as  pointed  out  above,  the  Landau-Zener  prediction  /12/  is 
not  accurate.  The  same  holds  for  the  results  of  Fig.  4c,  corresponding  to  5gn- 
4fii  transitions,  except  that  the  reason  is  (obviously)  not  that  the  energy  cur¬ 
ves  pseudocross,  but  that  they  are  quasiparallel  for  the  region  of  internuclear 
distances  (6<R<8  a.u.)  where  LICT  takes  place.  Fig.  4d  presents  a  further  ins¬ 
tance  where,  precisely  in  the  wave'onqth  region  where  the  cross  section  is  lar¬ 
gest,  the  Landau-Zener  estimate  /12/  is  least  a.vjrate  in  this  case  because  of 
double  crossing  of  the  field  free  energy  curves;  in  spite  of  the  smallness  of 
the  5go-  4do  transition  dipole  (Fig.  3),  this  last  case  is  an  interesting  one 
because  of  the  fact  that  in  the  double  crossing  region  the  energy  curves  are 
very  close  to  one  another  (their  maximum  separation  is  0.0038  hartree).  When 
this  happens,  at  long  wavelengths  (x> 120000  A  in  this  example)  the  contribu¬ 
tions  to  the  cross  section  of  absorption  and  induced  emission  processes  are 
practically  identical,  and  5  is  independent  of  laser  wavelength.  Then  lasers 
operating  in  the  infrarred  region  of  the  spectrum  can  be  directly  used:  e.g.  a 
CO2  laser  could  be-employed  either  directly  or  to  optically  pump  a  NH3  laser 
( 120000-160000  Also  that  high  intensities  could  be  used. 

In  the  calculation  of  the  previous  results,  dynamical  couplings  were  assumed 
to  be  either  totally  effective  (as  in  the  5go-6ho  avoided  crossing  which  is 
crossed  diabatical ly )  or  totally  ineffective,  so  that  in  either  case  they  could 
be  neglected  in  the  treatment  of  the  LICT  process.  We  compare  in  Fig.  5  the  va^ 

lues  of  the  orientation  averaged  0  ( - )  for  a  laser  intensity  I  =  10' ’  W  cm”"^ 

and  wavelengths  approximately  corresponding  to  the  maxima  of  5  in  Fig.  4,  with 
the  values  of  the  collision  induced  (33)  cross  sections  for  C^'*'  i-  H(ls)  — x- 

c5+{n=4)  +  H+( . )  and  c6+  +  H^c5+(n=5)  -i-  ( . ).  Because  of  the 

shape  of  the  cross  sections,  one  can  expect  that  competition  between  d/dR  and 
dipole  couplings  will  only  be  important  for  the  narrow  range  of  nuclear  veloci¬ 
ties  where  laser  and  collision  induced  cross  sections  are  of  comparable  magni¬ 
tude;  then,  to  a  reasonable  approximation  the  total  charge  exchange  cross  sec¬ 
tion  will  be  given  by  the  sura  of  the  two  separate  contributions,  calculated  in- 
depently.  This  assumption  has  been  seen  to  be  correct  (10)  in  a  calculation 
carried  out  for  K’*'  +  Ca  collisions,  for  a  given  relative  orientation  of  the 
electric  field  (fixed  values  of  O  and  ♦  in  eq./Z/).  Of  course,  there  is  no  a 
priori  reason  to  expect  it  to  be  valid  when  the  collision  -induced  cross  sec¬ 
tion  does  not  diminish  rapidly  with  decreasing  v. 


6.  CONCLUSION 

In  this  report  1  have  presented  the  theory  of  laser-induced  charge  transfer 
(LICT)  in  ion-atom  collisions  for  the  range  of  impact  energies  in  which  a  quasi- 
molecular  description  of  the  colliding  system  is  appropiate.  Trivial  modifica¬ 
tions  of  the  standard  programs  that  calculate  unassisted  excitation  and  charge 
exchange  cross  sections  permit  to  obtain  the  LICT  o  for  a  given  orientation  of 
the  electric  field  with  respect  to  the  incident  beam  direction.  To  calculate 
orientation-averaged  cross  sections  o  a  perturbative  approach  is  accurate  for 
I  v'  <10°  W  s  cm-3,  and  yields  expressions  /8/,  /lO/  which  are  much  less  time 
consuming  than  the  general  approach.  Often,  the  Landau-Zener  expression  /12/ 
provides  reasonable  estimates  for  o  .  The  conclusions  on  an  alternative  formula¬ 
tion  which  is  often  used  in  qualitative  treatments  of  laser  induced  processes 
-the  so-called  dressed  state  approach-,  are  rather  disappointing  to  treat 
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LICT  ion-atom  collisions;  this  point  is  further  developed  in  ref.  (32).  Firstly, 
new  (sharp)  radial  couplings  need  to  be  evaluated  in  this  alternative  approach. 
Secondly,  when  radial  couplings  between  "undressed"  molecular  states  cannot  be 
neglected  in  the  impact  energy  range  considered,  one  needs  to  include  so  many 
dressed  states  in  the  expansion  ^18/  that  the  new  formalism  becomes  in  practice 
exceedingly  time  consuming.  Finally,  because  of  the  existence  of  diagonal  matrix 
elements  of  the  radiation-matter  interaction  Hamiltonian,  dressed  states  can 
only  be  defined,  for  a  given  wavelength,  for  low  enough  laser  intensities, which 
is  a  disturbing  feature  for  a  high  intensity  approach. 

In  the  last  section,  the  general  characteristics  of  LiCT  cross  sections  of 
multicharged  ion-atom  collisions  have  been  exposed  with  the  help  of  an  example. 
LICT  cross  sections  are  in  general  rather  insensitive  to  the  precise  value  of 
the  \.:.velength  employed,  which  is  a  desirable  feature,  especially  when  frequen¬ 
cy  multiplying  devices  must  be  employed.  The  intensities  used  in  the  example 
are  of  the  order  of  lo''  W  cm"^,  which  is  high,  though  within  present  day  tech¬ 
nology;  for  V  <  10®  cm  s'',  smaller  intensities  can  be  employed  since  the  orien¬ 
tation  averaged  cross  sections  o  roughly  vary  like  I  v'  (eq./12/).  Further 
advances  in  the  study  of  LICT  processes  await  the  appearance  in  the  literature 
of  experimental  counterparts  to  the  theory. 
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The  velocity  space  distribution  of  electrons  emitted  near  the  forward 
direction  from  collisions  involving  fast,  highly  stripped  oxygen  ions 
with  gaseous  and  solid  targets  is  presented  and  described  in  terms  of 
multipole  moments  of  the  ejected  charge  distribution,  which  permits  direct 
comparison  with  recent  theory.  The  results  are  from  a  novel  apparatus 
permitting  rapid  and  efficient  data  acquisition  by  employing  position- 
sensitive  electron  detection  to  combine  emission  angle  definition  with 
conventional  electrostatic  spectrometry.  Excellent  agreement  is  obtained 
between  distributions  observed  for  electron  loss  to  projectile  continuum 
processes  and  recent  theory  in  the  case  of  argon  targets;  less  favorable 
results  for  simpler  helium  targets  may  indicate  the  need  for  theoretical 
study  of  higher  order  inelastic  processes  In  that  case.  The  multipole 
content  observed  with  a  solid  target  is  consistent  with  a  conceptual 
model  of  convoy  electron  production  dominated  by  electron  loss  from  the 
projectile  within  the  bulk  of  the  target  and  may  signify  the  importance 
of  steady-state  production  of  excited  states  within  the  bulk  solid. 


1 .  INTRODUCTION 

1.1.  Overview 

The  spectrum  of  electrons  emitted  near  zero  degrees  in  ion-atom  and  lon- 
solld  collisions  Is  dominated  by  a  strong  'cusp'-shaped  peak  corresponding 
to  electrons  nearly  matched  in  vector  velocity  to  that  of  the  projectile 
ion.  Recent  advances  in  experimental  technique  and  theory  permit  new 
Insights  which  simplify  resolution  of  early  puzzles  over  the  spectrum  of  such 
electrons  and  suggest  new  approaches  to  long-standing  questions  about  the 
importance  of  excited  states  of  ions  traversing  condensed  matter.  In  short, 
the  signature  of  cusp  electrons  produced  by  capture  processes  is  now  seen  as 
the  result  of  a  strong  dipole  moment  in  the  emitted  charge  distribution, 
explainable  In  second  Born  approximation;  that  produced  by  projectile 
ionization  processes  is  a  transversly  emitted  charge  distribution  character¬ 
ized  by  even-order  multipole  moments  (monopole,  quadrupole,  hexadecapole, 
etc.)  and  maximum  multipolarity  k  =  2n  determined  by  the  principal  quantum 
number  n  of  the  contributing  projectile  orbital;  the  cusp  produced  by  swift 
charged  particles  passing  through  solid  materials  possesses  the  transverse 
signature  of  the  projectile  loss  mechanism  and  becomes  enriched  in  high-order 
multipoles  with  increasing  projectile  speed,  suggesting  steady-state  excita¬ 
tion  of  high  n-states  during  passage  of  the  bulk  material. 

1.2.  Background 

Because  of  various  experimental  difficulties  associated  with  performing 
electron  spectrometry  in  the  direction  of  a  fast,  intense  ion  beam,  the 
mere  existence  of  this  prominent  forward  peak  went  unnoticed  until  the  1970 
letter  of  Crooks  and  Rudd  (1),  who  observed  It  In  proton  collisions  with 
helium  targets,  and  the  only  slightly  later  work  with  solid  targets  performed 
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Dy  Harrison  and  Lucas  (2).  Since  then,  two  fundamental  processes  have  Been 
identified  as  contributing  to  the  forward  peak;  projectile  capture  of  target 
electrons  into  low  continuum  states  in  the  projectile  rest  frame,  often 
referred  to  as  Electron  Capture  to  the  Continuum  (ECC)j  and  loss  of  projec¬ 
tile  electrons  due  to  collisions  with  the  target,  or  Electron  Loss  to  the 
Continuum  (BLC).  Production  of  electrons  In  the  forward  peak  in  ion-solid 
collisions  is  more  complex,  and  must  involve  some  combination  of  at  least 
these  two  processes  and  may  involve  others  as  well  O.'J);  in  solid  colli¬ 
sions,  the  forward  yeUK  electrons  are  named  convoy  electrons.  The  generic 
phenomenon  is  frequently  called  Electron  Transfer  to  the  Continuum  (ETC). 
Several  reviews  of  relevant  experimental  work  have  appeared  (5-7). 

Early  theoretical  work  (8)  showed  the  existence  of  the  forward  peak  to 
be  the  consequence  of  the  population  of  final  states  in  the^low-lying 
continuum  of  the  projectile,  i.e.  states  having  velocities  v  in  the  projec¬ 
tile  rest  frame  (PRF)  approaching  zero.  Under  these  circumstances  the 
normalization  factor  associated  with  the  Coulomb  waves  needed  to  describe 
emitted  electrons  interacting  with  a  charged  projectile  leads  to  a  cross 
section  do/dv  which  diverges  as  1/v.  This  singularity  is  integrable  and  is 
integrated  by  any  detection  apparatus  with  finite  solid  angle,  giving  rise  to 
a  cusped  peak  in  the  laboratory  frame  (LF)  cross-section.  Further,  there 
exists  an  intimate  connection  between  the  divergence  of  the  ETC  amplitude  and 
the  density  of  high  Rydberg  states;  this  connection  is  the  result  of  the 
expectation  that  the  probability  per  unit  energy  Interval  for  finding  an 
electron  in  a  particular  state  is  constant  or  continuous  as  the  ’onizatlon 
limit  is  crossed. 

Although  the  existence  of  the  ETC  cusp  is  merely  a  consequence  of  the 
Coulomb  final  state  interaction,  the  details  of  the  shape  of  the  cusp  reflect 
the  entire  history  of  the  collision:  anisotropies  arise  in  the  doubly  diffe¬ 
rential  cross  section  (DDCS)  which  are  collision  mechanism-dependent. 

In  a  recent  theoretical  paper,  BurgdOrfer  (9)  has  developed  a  density  matrix 
description  of  the  ELC  process  which  exploits  smooth  continuation  of  projec¬ 
tile  excitation  across  the  Ionization  limit  to  show  that  a  set  of  dynamical 
multipoles  originally  introduced  to  describe  bound-state  coherences  are 
suited  for  the  description  of  continuum-state  coherences  as  well.  Conse¬ 
quently,  the  anisotropies  in  the  DDCS  for  ELC  can  be  espressed  as  expectation 
values  of  the  dynamical  raultipoles.  These  dynamical  multipoles  contain  the 
orientation  and  alignment  parameters  introduced  by  Fano  and  Macek  (10)  as  a 
subset.  In  the  Rydberg  limit  they  reduce  to  multipoles  of  a  constant  of  the 
motion,  the  Runge-Lentz  vector  A,  which  in  a  classical  picture  points  from 
the  heavy  particle  to  the  electron  perihelion.  Is  proportional  to  orbital 
eccentricity,  and  defines  the  principal  axis  of  the  electronic  orbit. 
Burgddrfer  has  since  shown  the  method  to  be  extensible  to  other  ETC  processes 
and  to  collisionally  excited  Rydberg  manifolds  (11).  A  unified  approach  thus 
emerges  in  which  the  same  fundamental  parameters  describe  the  populations  of 
cusp  (ETC)  and  Rydberg  electrons. 

In  the  framework  of  the  method  advanced  by  Burgdorfer,  the  DDCS  for  ETC 
processes  Is  expanded  in  the  zero-velocity  limit  as 

^  i  P,(oose)g,  [ij 

dv  k*0 

■* 

where  v  i.s  the  electron  PRF  emission  velocity,  are  the  Legendre  poly¬ 
nomials,  and  Bk  are  the  asymmetry  parameters  derivable  from  the  theory.  Con¬ 
tact  can  also  be  made  with  the  double-series  expansion  of  the  DDCS  introduced 
by  Meckbach,  Garlbottl,  and  co-workers  (12)  and  employed  In  previous  work  In 
our  laboratory  (13)  by  expanding  the  6;,  to  account  for  finite-velocity 
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corrections  to  the  cross  section: 

^  *  (7)  I  B  yJ  P  (C0S6)  .  [2] 

d7  ''  k.j-O 

Most  experimental  data  on  ETC  processes  to  date,  as  typified  by  measure¬ 
ments  presented  in  references  (1 ) , (2) , (6) , (12) ,  and  (13)  for  example,  have 
been  singly  differential  (in  electron  energy  or  longitudinal  velocity 
component),  even  though  in  most  oases  a  small  range  of  collection  angles  have 
been  employed.  As  a  result,  much  of  the  collision-dependent  information 
contained  in  the  above  DDCS  expansions  is  lost  in  apparatus-dependent 
averaging  over  emission  angles  interior  to  the  spectrometer  collection  cone. 
At  the  end  of  this  paper,  I  will  describe  in  more  detail  an  apparatus  and 
method  developed  in  our  laboratory  which  subdivides  a  forward-oriented 
collection  cone  of  about  b  degrees  half-angle  into  differential  angular 
elements  of  about  one-third  degree  full  angle.  These  elements  are  sized  so 
that  the  effective  angular  resolution  in  the  PRF  corresponds  to  a  diffe¬ 
rential  slice  in  transverse  electron  emission  velocity  Vj^  of  a  size  compar¬ 
able  to  that  of  the  slice  ih  longitudinal  emission  velocity  Vj  determined  by 
the  electron  spectrometer  employed.  The  apparatus  collects  data  simultan¬ 
eously  from  all  elements  within  this  forward  cone  by  means  of  position-sens¬ 
itive  detection  techniques  and  thereby  permits  efficient  data  acquisition, 
eliminates  mechanical  scanning  linkages,  and  automatically  determines  the 
zero-degree  direction.  Sample  ciission  distributions  will  be  presented  and 
interpeted  in  the  framework  of  tne  multipolar  expansion  described  above  and 
related  to  specific  theoretical  results. 


2.  PROJECTILE  ELECTRON  LOSS  (ELC) 

2.1.  Previous  theory  and  experiment 

ELC  is  most  conveniently  described  in  the  projectile  rest  frame  and  in 
terms  of  projectile  ionization  to  low-lying  continuum  states  by  means  cf 
collisions  with  the  target  nucleus  and  target  electrons.  From  previous 
experiments  measuring  ELC  from  heavy  ion  projectiles  in  single  collisions 
(6)  it  is  known  that  the  singly  differential  ELC  cusp  has  a  f ull-width-at- 
half-maxlmum  (FWHM)  which  is  smaller  than  expected  and  does  not  scale  with 
projectile  velocity  as  predicted  by  the  earliest  theories  (lit)  of  the 
process.  While  later  theories  (15)  explicitly  provided  for  anisotropic 
emission  which  in  principle  could  account  for  this  behavior,  detailed 
agreement  was  not  obtained  for  two  reasons.  First,  the  theory  applied  to 
loss  of  Is  projectile  electrons,  requiring  a  fully  stripped  L-shell  (e.g.  0^'*' 
or  0^*);  competition  from  ECC  capture  processes  produces  roughly  an  equal 
contribution  to  the  cusp  (6)  under  these  circumstances  with  heavy  tons.  As 
we  shall  see  later,  the  ECC  process  is  anisotropic  also,  but  with  a 
strikingly  different  distribution  than  ELC. 

It  is  possible  to  generate  ETC  cusps  which  are  dominated  (by  roughly 
10  to  1 )  by  ELC  by  employing  projectiles  which  carry  more  loosely-bound 
n=2  electrons  (e.g.  0^*).  The  density  matrix  description  of  ELC  developed 
by  BurgdOrfer  (9)  addresses  the  role  of  L-  as  well  as  K-shell  electrons, 
thus  permitting  comparison  with  non-coincidence  experiments,  but  more 
importantly  provides  a  previously  unnoted  signature  of  ELC  in  the  context  of 
the  first  Born  and  hydrogenic  projectile  wave  function  approximation:  in  the 
cross-section  expansions  presented  in  Eq.s  [2]  and  [3],  all  odt;-order 
multipoles  vanish,  and  only  those  even  order  multipoles  beginning  with  k  =  0 
and  extending  through  k  =■  2n  occur,  where  n  is  the  principal  quantum  number 
labelling  the  orbital  from  which  the  electron  is  lost.  Thus  for  ELC  from 
projectiles  having  L-shell  electrons,  one  expects  only  monopole  (Bq), 
quadrupole  (62),  and  hexadecapole  (B4)  moment  terms  in  the  DDCS  expansion. 
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This  leads  to  a  distribution  in  v-space  which  is  transversly  enhanced  and 
thin-waisted  longitudinally,  and  produces  a  singly-dif ferential  cusp, 
integrated  over  a  small,  fixed  range  of  0  and  all  ((i,  which  has  a  FWHM  that  is 
relatively  narrow  and  relatively  independent  of  projectile  velocity. 

ECC  has  received  much  detailed  experimental  and  theoretical  attention  in 
the  case  of  fast,  heavy  projectiles,  most  of  which  has  centered  about 
explaining  the  strong  skewing  of  the  singly-differential  cross  section  (SDCS) 
toward  emission  of  electrons  slower  that  the  projectile.  References  to  '  'st 
of  the  work  pertinent  to  the  present  discussion,  including  theoretical 
approaches,  can  found  in  the  recent  experimental  paper  by  Berry  et  al.  (13). 
The  observed  asymmetries  of  the  ECC  SDCS  cusp  are  shown  in  that  paper  to  be 
the  result  of  a  strong  dipole  moment  in  the  emitted  electron  distribution. 

As  discussed  by  Macek  et  al.  (16),  the  presence  of  a  dipole  moment  of  this 
nature  implies  the  necessity  of  second  Born  approximation  terms  in  the  cross 
section,  as  originally  pointed  out  by  Shakeshaft  and  Spruch  (17).  While 
instrumental  in  advancing  our  understanding  of  ECC,  most  of  these  treatments 
are  of  only  qualitative  use,  as  they  are  restricted  to  one-electron  targets. 

A  notable  exception  is  the  work  by  Jakubassa- Amundsen  (18)  based  on  expansion 
of  the  Faddeev  equations  in  an  impulse  approximation,  which  obtains  good 
agreement  with  the  ECC  cusp  shapes  observed  with  He  targets  and  vp  -  17  au 
neon  and  oxygen  projectiles. 

2.2.  Present  observations  and  raultipole  content 

Doubly  differential  distributions  obtained  in  our  laboratory  with  the 
apparatus  described  in  Section  4  are  shown  in  Figure  1  for  the  specific 
instance  of  82  Mel/  0^*  in  single  collisions  with  Ar.  The  isometric  display 


i 


FIGURE  1 

Doubly  differential  emission  distribution  observed  for  the  forward  peak  in 
collisions  of  Vp  “  14.3  au  o5*  ions  traversing  a  thin  argon  gas  target. 


format  used  in  that  figure  is  of  limited  utility  in  discussing  emission 
distributions!  a  better  display  Is  obtained  by  showing  only  contours  of  equal 
emission  intensity,  with  the  longitudinal  (emission  energy)  and  transverse 
(emission  angle)  axes  scaled  so  that  equal  Intervals  in  either  direction 
represent  approximately  equal  intervals  in  longitudinal  projectile  frame 
emission  velocity  vj,  and  transverse  projectile  frame  emission  velocity  V(;. 
Such  contoured  data,  corresponding  least-squares  fits  (described  later),  and 
theoretical  predictions  are  shown  in  summary  form  in  Figure  2.  The  data 
shown  are  contours  of  equal  Intensity  of  electron  emission  in  the  emission- 
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FIGURE  2 

Contour  plots  for  ELC  by  0^*  In  Ar  and  He  at  vp  -  li(.3  au,  and  ECC  by  0®'^  in 
Ne  at  15. au.  Contours  shown  represent  multiples  of  12.5$  of  the  peak 
height.  Horizontal  scale  represents  lab  frame  electron  energy;  vertical 
scale  represents  polar  electron  ejection  angle.  Scaling  is  chosen  so  that 
isotropic  emission  would  produce  essentially  circular  contours. 

(a)  Measured  distribution  for  Ar  target,  (b)  Corresponding  best  fit  to  (a), 
normalized  to  peak  height  of  data,  (c)  Theoretical  distribution  (Ref.  11) 
after  convolution  with  spectrometer  acceptance,  also  normalized  to  peak  of 
(a),  (d)  Measured  distribution  for  He  target,  (e)  Corresponding  He  target 

fit,  normalized  to  peak  of  (d).  (f)  Measured  ECC  distribution  for  15. i|  au 

o8+  In  Ne. 
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energy  and  polar-emission-angle  plane  for  single  collisions  of  vp  -  10.1, 

11). 3,  and  16.2  au  0^*  ions  with  He  and  Ar  targets.  As  expected  from  the 
preceeding,  the  distributions  are  dominated  by  ELC  from  the  loosely  bound  n  - 
2  levels  by  an  order  of  magnitude  over  ECC  and  ELC  from  n  -  1 .  The  immediate 
appearance  of  these  data  are  of  strongly  transverse  emission,  as  predicted  by 
BurgdOrfer's  calculation  (9,11),  and  in  striking  contrast  to  the  strong  di¬ 
pole  character  of  the  ECC  distribution  obtained  from  a  vp  -  15.9  au  collision 
in  Ne.  Also  shown  is  the  theoretical  angular  distribution  calculated  by 
BurgdOrfer,  convoluted  with  the  spectrometer  acceptance  function  SCveiSg) 
(discussed  in  section  9.2). 

Table  I  presents  a  comparison  of  experimentally  extracted  (by  means  of 
a  fitting  procedure  discussed  in  section  9.2)  and  theoretical  values  for  the 
asymmetry  parameters  62  and  Bi)  (with  Bq  =  D  as  defined  in  Eq.  [1].  Also 
shown  in  the  table  are  ELC  cross  sections  extracted  from  the  DDCS  data 
by  integrating  over  the  velocity  Interval  vp  +  0.5  au  and  over  a  forward 
collection  cone  of  half-angle  Bq  =  1-8  deg.  Agreement  of  the  Ar  target  cross 
section  with  the  value  published  previously  (6)  for  vp  =  10.1  au  is  satis¬ 
factory,  and  with  theory  is  at  the  factor-of-two  level. 

TABLE  I.  Comparison  of  experimental  fit  results  with 
theoretical  results  of  Burgddrfer  (Ref.  9  and  11).  Where 
multiple  data  sets  were  available,  the  fitted  values 
represent  the  mean,  and  the  statistical  standard  devia¬ 
tion  of  these  averages  (expressed  as  a  percentage  of  the 
value)  appears  ben'ath  the  coefficients  in  parentheses. 


''p 

(au) 

Gas 

9  ELC 

(kb) 

Exp. 

_ 

Th. 

6 

Exp. 

_ 

Th. 

X*  9 

16.2 

Ar 

220 

-0.68 

-0.70 

0.13 

0.18 

1  .79 

(0.0) 

(0.0) 

(8.1 ) 

He 

5 

-0.23 

-0.66 

-0.07 

0.15 

2.9 

19.3 

Ar 

230 

-0.62 

-0.67 

0.12 

0.16 

1.69 

(3.2) 

(16.7) 

(17.2) 

He 

8 

-0.93 

-0.69 

0.06 

0.19 

1.83 

10.1 

Ar 

330 

-0.26 

-0.56 

0.05 

0.10 

1.55 

He 

3 

-0.23 

-0.51 

-0.09 

0.07 

1  .85 

^Reduced  as  defined  in  Reference  26. 


Excellent  agreement  is  obtained  for  fitted  values  of  the  multipole 
strengths  6i<  of  the  argon  data  at  the  higher  two  velocities:  the  lesser 
agreement  at  10  au  is  not  of  concern  because  the  first  Born  approximation  is 
suspected  to  be  less  accurate  at  lower  vp  (9,11).  The  lack  of  agreement 
between  helium  target  data  and  theory  is  of  much  greater  concern.  The 
simpler  structure  of  this  target  and  the  use  of  more  accurate  scattering 
functions  (9)  than  were  available  for  argon  would  at  first  suggest  a  more 
accurate  description  for  helium.  An  experimental  source  of  a  difference 
between  these  targets  is  unlikely  because  the  data  sets  were  alternately 
acquired  for  He  and  Ar  targets  by  merely  switching  between  target  gas  bottles 
on  a  time  scale  of  minutes,  while  the  accelerator  operators  were  instructed 
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to  leave  all  beam  conditions  (i.e.  focusing  and  steering)  unchanged. 

Further,  although  pixel-by-plxel  'gas-dump'  background  subtractions  (see 
section  5)  contribute  more  heavily  to  statistical  and  systematic  errors  with 
helium  targets,  the  ELC  to  background  ratio  at  the  cusp  peak  was  £  11:1  in 
the  worse  case  (at  vp  -  16.2  au  where  t-Ray  induced  photoelectron  background 
flux  at  the  detector  la  moat  serious). 

Lacking  a  known,  sufficiently  large  source  of  experimental  error  that 
would  selectively  affect  the  helium  data,  we  speculate  that  doubly  inelastic 
collisions  between  the  active  projectile  electron  and  target  electrons  may  be 
responsible  for  the  difference.  In  particular,  Burgddrfer  takes  target- 
inelastic  processes  into  account  within  the  framework  of  a  closure  approxi¬ 
mation  and  discusses  it  as  a  potential  source  of  Inaccuracy  (9,11).  Since 
the  contribution  of  target-inelastic  processes  is  fractionally  more  important 
for  He  because  of  its  much  smaller  nuclear  charge,  study  of  the  adequacy  of 
the  approximation  seems  to  be  indicated.  It  is  also  possible,  of  course, 
that  an  as  yet  unidentified  excitation  Or  ionization  process  is  occurring 
either  in  addition  to,  or  'n  combination  with  simple  electron  loss  to  the 
forward  peak. 

Applications  of  this  confirmation  of  the  even-order  multipole  nature 
of  ELC  processes  to  a  more  detailed  study  of  ELC  itself,  especially  with 
the  addition  of  coincident-measurement  of  the  post-collision  charge  state, 
or  to  the  study  of  the  convoy  production  process  as  described  in  section 
4,  are  obvious.  In  addition,  the  method  is  applicable  to  the  interesting 
experiment  of  Andersen  et  al.  (19)  who  studied  coincident  double  electron 
capture  by  20  MeV  Apis'-  ions  in  He,  one  to  a  continuum  state  and  one  to 
a  bound  state.  They  find  that  the  measured  cusp  shape  (singly  differential) 
is  much  more  Suggestive  of  ELC  in  its  forward-backward  symmetry  than  of 
the  asymmetric  shape  they  measure  for  ECC.  In  explaining  how  a  captured 
electron  can  display  the  signature  of  a  loss  process,  they  conjecture  the 
formation  of  a  two-electron  (quasi-bound)  capture  event  involving  a  tightly 
space-correlated,  two-electron  wave  function  that  rapidly  autolonlzes,  pro¬ 
ducing  a  continuous  energy  spectrum  characteristic  of  loss  and  having 
'forgotten'  its  original  capture  origin.  If  so,  the  details  of  the  angular 
distribution  of  this  released  electron  could  reveal  much  about  the  hypothe¬ 
tical  correlated  intermediate  state.  The  methods  presented  here  are  ideally 
suited  to  confirmation  and  furthe'  .»tudy  of  this  potentially  important 
observation. 


3.  CONVOY  ELECTRONS  FROM  SOLID  TARGETS 

3.1.  Previous  theory  and  experiment 

The  question  of  the  extent  to  which  charge  and  excitation  states  of  ions 
are  well-defined  during  passage  through  condensed  matter  targets  and  the 
relationship  those  states  bear  to  measured  charge  and  excitation  states 
after  passage  is  a  long-standing  one  (20)  which  has  gained  much  attention 
(21).  It  is  often  argued  that  high  states  of  excitation  have  no  meaning  in  a 
solid,  especially  when  the  characteristic  orbital  size  -  n^ag/Zp  exceeds 
interatomic  spaclngs.  In  models  that  take  this  approach,  it  is  necessary 
that  the  processes  which  determine  the  exit  charge  and  excitation  state  of 
the  projectile  occur  in  the  last  one  or  few  atomic  layers  or  in  the  electron 
'selvage'  that  penetrates  Into  the  vacuum  beyond  the  last  layer.  In  the 
context  of  the  production  of  convoy  electrons,  Yamazakl  and  Oda  (3)  have 
presented  data  that  appear  to  favor  such  a  last-layer  mechanism. 

On  the  other  hand,  the  (singly  differential)  shape  of  previously  reported 
convoy  electron  spectra  produced  by  heavy  ion  passage  through  thin  amorphous 
foil  targets  and  channeled  through  single  crystals  have  been  moat  easily 
Interpeted  in  terms  of  an  electron  loss  (ELC)  process  occurring  in  the  bulk 
medium,  accompanied  by  elastic  and  Inelastic  scattering  of  the  liberated 
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electron  (6).  The  channeling  data  indicated  a  precursor  electron  capture 
inside  the  solid,  probably  to  an  excited  n-state,  followed  almost  iraraedlately 
by  loss  to  convoy  states,  since  to  a  first  approximation  low-n  electrons  of 
well-channeled  projectiles  interact  with  neighboring  lattice  sites  (and 
become  ionized)  only  when  the  characteristic  projectile  size  exceeds  the 
channel  dimensions.  In  these  measurements,  performed  in  oonoldence  with  the 
emergent  projectile  charge  state,  little  or  no  correlation  was  observed 
between  convoy  production  yield  and  emergent  charge  state,  at  the  projectile 
velocities  (8  -  10  au)  studied.  This  left  a  puzzle,  as  mean  free  paths  for 
free  electrons  at  the  velocities  in  question  were  known  to  be  -20  A,  whereas 
the  mean  free  paths  for  projectile  charge  changing  was  -200  A.  It  therefore 
seemed  unlikely  that  a  projectile  responsible  for  convoy  production  would 
subsequently  change  charge  state  and  should  therefore  be  associated  with  the 
convoy  in  a  coincidence  measurement.  Z  (or  Q)  dependence  of  the  capture 
and  subsequent  loss  processes  was  then  expected  to  produce  convoy  production 
.lOtlcably  stronger  for  some  emergent  charge  state.  Such  was  not  found  to  be 
the  case.  Even  if  an  additional  process  acting  at  the  exit  surface 
contributed  to  the  final  charge  state,  one  would  not  expect  the  association 
between  projectile  and  convoy  electron  to  be  completely  broken. 

Additional,  although  indirect,  evidence  that  a  bulk  ELC  process  is 
Involved  in  the  production  of  high  Rydberg  states  of  foil-excited  ions  has 
been  recently  reported  by  Betz  (A).  Further,  a  study  (22)  of  the  target- 
thickness  dependence  of  convoy  production  shows  a  gradual  increase  in 
production  over  thickness  ranges  of  many  hundreds  of  atomic  layers,  sugges¬ 
ting  anomalously  long  mean  free  paths  for  convoy  electron  scattering  (compar¬ 
ed  to  free  electron  values)  as  well  as  bulk  production. 

Our  recent  measurements  of  the  multipole  moments  of  the  emitted  charge 
distribution,  while  limited  in  scope,  are  intriguing  in  that  they  suggest  the 
feasibility  of  applying  knowledge  gained  from  EEC  studies  such  as  those  in 
the  previous  section  and  extensions  of  theoretical  studies  like  those  of 
Burgddrfer  (9)  to  probe  the  processes  leading  to  convoy  emission  from  con¬ 
densed  matter  targets.  They  reveal  multipole  content  of  order  well  beyond 
the  quadrupole  and  hexadecapole  moments  obtained  for  ELC  from  n  =  2  orbitals 
and  offer  an  opportunity  to  perform  unique,  new  measurements  sensitive  to 
excitations  of  swift  projectiles  that  occur  while  immersed  in  bulk  material. 

3.2  Present  observations  and  raultipole  content 

Figure  3  presents  contoured  emission  distributions  we  have  observed  for 
convoy  electron  production  together  with  corresponding  data  for  ELC  from 
equal  velocity  O’*  in  argon.  The  targets  employed  (15  pg/cm^)  were  substan¬ 
tially  below  equilibrium  thickness.  The  resemblence  between  the  convoy  cusps 
and  those  for  ELC  is  striking  -  both  are  strongly  transverse  -  and  the  convoy 
data  displays  no  evidence  of  the  strong  dipolarity  which  is  the  hallmark  of 
ECC  (see  Figure  2f).  He  interpet  this  feature  of  the  data  to  signify  a 
prominent  role  for  ELC  in  the  convoy  production  process.  The  displayed  ELC 
and  convoy  distributions  differ  in  one  important  respect,  however:  attempts 
to  fit  multipole  moments  to  the  convoy  distributions  in  the  same  manner  as 
was  done  with  the  ELC  data  produced  poor  results  until  raultipoles  of  order  up 
to  k  -  10  were  Included  in  the  fitting  procedure.  The  resulting  fitted 
values  of  6)^  are  given  in  Table  II  for  the  three  Impact  velocities  studied. 

As  can  be  seen  from  a  close  examination  of  the  values,  the  enhanced 
multipolarity  of  convoy  emission  skews  toward  higher  multipoles  with  increas¬ 
ing  projectile  velocity.  Recalling  that  the  maximum  predicted  multipolarity 
P|<  of  ELC  from  a  given  n  level  is  k  -  2n,  the  data  then  suggests  convoy 
production  which  behaves  as  loss  from  highly  existed  states  formed  by  capture 
or  capture  plus  excitation  within  the  bulk  material  of  the  target.  Also 
shown  in  the  table  are  values  of  Bj^  =  6i((cohvoy)/Bk(ELC)  for  k  -  2, A,  which 
reflects  the  extent  to  which  high  k  values  for  the  convoy  distributions  rise 
beyond  those  for  ELC  at  larger  projectile  velocities. 

The  observation  of  high  n,l  excitation  within  the  target  agrees  with 
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FIGURE  3 

Contour  plots  of  emission  distributions  for  convoy  electrons  produced  in  thin 
carbon  targets  compared  with  those  for  ELC  in  argon.  Contour  levels  shown 
represent  Intervals  of  20%  of  each  peak  height.  The  horizontal  dimension  of 
each  plot  represents  longitudinal  velocity  components:  the  vertical  dimension 
is  transverse  to  the  projectile  direction.  Equal  velocity  scales  are  shown 
in  each  direction,  with  the  bar  indicating  an  interval  of  0.2  au.  Isotropic 
angular  distributions  would  have  circular  contours. 


recent  assertions  made  by  Betz,  et  al.  (<4)  that  such  high  states,  produced 
within  the  bulk,  are  required  to  explain  long-lived  cascade  tails  of  foil- 
excited  Ly  o. 

The  power  and  speed  with  which  our  method  can  determine  high-order 
multipole  content  of  ejected  electron  distributions  and  the  inferred  connec¬ 
tion  with  high  n,ll  excitation  make  several  follow-up  measurements  of  inter¬ 
est.  Perhaps  most  obvious  is  a  measurement  of  the  target  thickness  depen¬ 
dence  of  the  multipole  content  of  convoy  emission;  addition  of  coincident 
detection  of  emergent  ion  charge  state  would  permit  measurement  and  compari¬ 
son,  in  the  same  apparatus  and  under  the  same  conditions,  of  mean  free  paths 
for  convoy  electron  production  and  extinction  and  for  projectile  charge- 
changing.  While  it  is  expected  that  elastic  and  Inelastic  electron  scatter¬ 
ing  processes  which  occur  after  convoy  production  and  prior  to  or  during  exit 
from  the  foil  surface  (including  the  effect  of  the  exit  potential  'step') 
must  be  taken  into  account  in  any  detailed  examination  of  convoy  multipole 
distributions,  the  strong  Coulomb  'focusing'  (23)  provided  by  the  nearby 
projectile  ion  may  make  these  effects  smaller  that  they  would  appear  to  free 
electrons  of  the  same  speed,  at  least  for  the  highly  charged  ions  studied 
here. 
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TABLE  II.  Comparison  of  Bk  values  for  convoy  distri¬ 
butions  with  those  for  ELC.  Also  shown  are  the  even 
order  coefficient  ratios  defined  in  the  text. 


Vp  (au) 

Target 

B. 

B,o 

1  6.2 

Carbon 

-0.78 

0.25 

-0.32 

0.19 

-0.16 

Ar^ 

-0.68 

0.13 

Ar^ 

-0.70 

0.18 

Bk 

1.1 

'.9 

14.3 

Carbon 

-0.82 

0.29 

-0.26 

0.07 

-0.03 

Ar3 

-0.62 

0.12 

Ar^’ 

-0.67 

0.16 

Bk 

1.3 

2.n 

10.1 

Carbon 

-0.48 

0.11 

-0. 18 

0.09 

-0.05 

Ar® 

-0.26 

0.05 

Ar*’ 

-0.56 

0.10 

Bk 

1.8 

2.2 

^Experimental  values  from  Reference  6. 
•’Theoretical  values  from  References  9  and  11. 


4.  METHOD 

4.1.  Apparatus 

The  electron  spectrometrlc  apparatus  used  in  this  work  closely  resembles 
that  used  In  earlier  experiments  (6)  on  ECC,  ELC,  and  convoy  production, 
but  differs  in  that  electrons  which  have  been  energy-analysed  are  detected 
in  a  manner  that  recovers  emission  angle  information.  The  major  elements 
of  the  apparatus  are  diagrammed  in  Figure  4.  The  target  region,  which 
is  a  -0.5  cm  thick  cell  for  gaseous  targets  and  a  self-supporting  foil  for 
solid  target  measurements,  is  viewed  by  a  spherical  sector  electrostatic 
spectrometer  having  a  mean  deflection  radius  of  5.5  cm  and  a  deflection 
angle  of  160  deg.  As  is  nearly  universal  in  ETC  apparatus,  the  primary 
ion  beam  exits  the  spectrometer  through  a  hole  in  the  outer  spherical  sec¬ 
tor.  Apart  from  small  aberrations  and  in  the  absence  of  extraneous  fields, 
the  focusing  properties  of  the  spectrometer  reestablish,  with  unit  magnifi¬ 
cation  at  the  exit  aperture,  the  in-beam  angular  distribution  of  electrons 
having  energies  within  the  spectrometer  pass-band.  Collision  region  emission 
angles  thus  correspond  one-to-one  with  arrival  angles  at  the  exit  aperture. 

A  drift  region  15  cm  in  length  following  the  exit  aperture  permits  the  pre¬ 
served  emission  angles  to  develop  into  transverse  position  coordinates  at 
the  location  of  a  position-sensitive  detector  (PSD). 

The  PSD  consists  of  a  tandem  ohevronned  pair  of  raloroohannel  plate 
electron  multipliers,  which  preserve  the  primary  event  position  information 
during  the  amplification  process,  followed  by  a  oiroular-aro-terminated 
resistive  anode  of  the  kind  first  described  by  Larapton  and  Carlson  (24). 

Four  charge  pulse  outputs  at  the  corners  of  the  anode  are  independently 
amplified  and  then  decoded  using  a  simple  ratloraetrlc  method  to  recover  the 
primary  event  position  and  thus  the  emission  angles  or,  more  fundamentally, 
the  transverse  velocity  components  as  a  digital  quantity  that,  in  combination 
with  the  spectrometer  pass  energy,  determines  the  emission  coordinates  of  the 
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FIGURE  ^ 

Schematic  diagram  oF  the  sp-'ctrometrlc  appai'atus,  equipped  with  position' 
sensitive  detection  to  achieve  resolution  of  emission  angles. 


detected  electron.  By  acquiring  such  data  for  a  sequence  of  pass-band  ^ 
energies  (by  scanning  the  deflection  field),  the  entire  three-dimensional  v- 
distrlbution  of  the  ETG  cusp  can  be  obtained  (in  velocity  space  the  projec¬ 
tile  and  laboratory  frame  distributions  are  related  through  the  simple  trans¬ 
lation  vpRF  •  vlf  -  vp,  where  vp  la  the  projectile  velocity).  While  the 
intrinsic  position  resolution  of  the  PSD  alone  is  100  to  150  pm,  the  corre¬ 
sponding  angular  resolution  of  -  0.05  deg  is  broadened  by  the  size  of  the 
1  mm  diameter  spectrometer  exit  aperture  (1.5  mm  for  ECO  data)  to  -  0.35  deg 
(0.5  deg).  The  latter  figure  is  improvable  at  the  expense  of  counting  rate. 
The  spectrometer  energy  resolution  is  0.9J  FWHM  (1.4$  fwHM  for  the  ECC 
data) . 

Not  shown  in  Figure  4  are  a  pair  of  parallel  mesh  grids  (80J  transparent) 
oriented  perpendicular  to  the  axis  of  the  drift  space,  spaced  3  mm  apart, 
and  located  immediately  prior  to  the  microohannel  detector  entrance.  The 
grids  are  biased  to  reject  stray,  low  energy  electrons.  Also  not  shown 
are  a  pair  of  transverse  deflection  plates  in  the  drift  space  which  can 
be  used  both  to  compensate  for  deflection  of  energy-analyzed  electrons 
induced  by  residual  magnetic  fields.  The  local  magnetic  field  in  the  region 
of  the  spectrometer  is  nulled  by  a  triplet  of  coils  external  to  the  vacuum 
system.  Target  gas  pressure  is  controlled  by  a  piezoelectric  valve  and 
monitored  by  a  capacitance  manometer.  Beams  of  09'^  ions,  q  -  5,8,  having 
Vp  •  10.1,  14.3,  and  16.2  au  were  collimated  and  stripped  of  convoy  electrons 
produced  upstream  of  the  apparatus  by  a  pair  of  shielded  electrostatic 
deflector  plates. 

4.2.  Analysis  of  multipole  content 

The  three-dimensional  (differential  in  emission  energy  and  polar  and 
azimuthal  angles)  dlstributicns  produced  by  the  apparatus  are  assessed  for 
multipole  content  by  means  of  a  fitting  procedure  (25)  based  on  the  multipole 
expansions  discussed  in  the  introduction.  The  method  is  a  straightforward 
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extension  of  that  used  for  previous  data  published  by  our  laboratory  (13). 

In  brief  a  trial  function  based  on  the  double-series  expansion  in  Eq,  [2] 
and  trial  values  of  the  parameters  Bjjj  is  convoluted  with  the  spectrometer 
sensitivity  function  SlEeiQe)*  which  in  turn  is  assumed  to  be  separable: 

S(E^,Q^)  .  R(E^)  G(8^.*  )  .  [3] 

e  e  e  e  e 

R(Ee)  describes  the  spectrometer  resolution  and  is  approximated  by  a 
trapezoidal  function  characterized  by  a  top  width  (TW)  and  a  full-width-half- 
maximum  (FWHM),  whereas  G(0e,#e)  describes  the  angular  resolution  and  is 
approximated  by  a  'pillbox’  function  which  is  unity  within  an  angle 
6Y  -  (angular  re30lutlon)/2  of  the  central  direction  (8g,i(ie).  The  inte¬ 
gration  implied  by  the  convolution  is  done  numerically.  The  fitting  algo¬ 
rithm  is  based  on  the  method  of  linearizing  the  trial  function  in  the  chi- 
square  space  formed  by  the  variable  (fitted)  parameters,  combined  with  a 
gradient-least-squares  procedure  as  formulated  in  Bevington  (26).  The 
fitting  routine  permitted  variation  of  an  arbitrary  subset  of  the  above 
parameters  while  keeping  the  remainder  fixed,  to  assess  the  importance  of 
particular  terms  in  the  expansion  with  regard  to  the  quality  of  the  fit. 
Background  subtraction  was  also  incorporated  into  the  fitting  procedure  using 
background  emission  distributions  acquired  specifically  for  that  purpose. 
Because  of  the  essential  singularity  of  the  DDCS  for  ETC  processes  at  v  -  0, 
the  cusp  distributions  are  almost  entirely  determined  by  the  spectrometer 
sensitivity  function  S  at  the  peak  of  the  cusp.  To  examine  the  sensitivity 
of  the  fitted  parcmeters  to  the  assumptions  made  in  the  spectrometer  convolu¬ 
tion,  the  fitting  procedure  also  permitted  the  exclusion  of  data  within  one 
spectrometer  sensitivity  'volume'  of  the  cusp  peak. 


5.  SUMMARY 

Electron  capture  and  loss  to  projectile-centered  continuum  states  both 
produce  a  cusp-shaped  electron  emission  spectrum  centered  at  vp  in  velocity 
space  and  possessing  a  measured  shape  which  is  directly  interpetable  through 
multi  pole  moments  of  the  ejected  electron  charge  distribution.  Observed 
moments  range  from  monopole  to  hexadecapole  and  beyond.  For  high  projectile 
velocities,  capture  cusps  typically  differ  from  loss  cusps  by  exhibiting 
larger  longitudinal  spread  and  large  dipole  moments  parallel  to  Vp.  Loss 
cusps  at  similar  velocities  display  larger  transverse  spread  characterized 
by  only  even-order  multipoles.  By  applying  the  principle  of  continuity 
of  population  amplitudes  across  the  ionization  limit,  these  multipole  distri¬ 
butions  are  predicted  for  similar  collisions  which  populate  high  Rydberg 
states  and  experiments  testing  this  conjecture  are  indicated  for  the  future. 

Comparison  of  ELC  cusp  moment  distributions  with  those  for  cusps  produced 
by  passage  of  ions  through  solids  implies  a  dominant  role  for  bulk  ELC  pro¬ 
cesses  in  the  formation  of  the  convoy  peak.  In  addition,  the  presence  of 
high-order  moments  indicates  the  possible  importance  of  steady-state 
excitation  of  high  n-states  as  projectiles  traverse  the  bulk,  and  suggest  a 
variety  of  further  measurements  that  may  shed  light  on  the  interesting 
problem  of  the  state  of  ionic  projectiles  traversing  oc  ,  sed  media. 
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MULTIPLE  SCATTERING  CONTRIBUTIONS  IN  ELECTRON  CAPTURE  THEORIES 
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Recent  advances  in  the  inclusion  of  multiple  scattering  contributions  in  per¬ 
turbation  approaches  Co  the  electron  capture  process  are  reviewed.  Special 
at  -ntion  is  given  to  the  structural  and  asymptotic  properties  of  existing 
theoretical  models,  as  well  as  to  the  search  for  possible  experimental  evi¬ 
dences  of  multiple  scattering  effects  in  charge  exchange  collisions. 


1.  INTRODUCTION 

The  well-documented  deficiencies  of  the  single  scattering  approximation 
(hereafter  referred  to  as  the  first  Born  (Bl)  or  Oppenheimer-Br inkman-Kramers 
(OBK)  approximation)  in  ion-atom  collisions  have  led  theorists  over  the  years 
to  look  for  more  adequate  alternatives  (I).  The  unescapable  necessity  of  inclu¬ 
ding  higher  order  {multiple  scattering)  terms  in  the  description  of  the  colli¬ 
sion  mechanism  is  particularly  acute  in  electron  capture  collisions  where  the 
double  and  not  the  single  scattering  contribution  is  knovm  (2)  to  dominate  the 
total  cross  section  at  high  (but  non-relativistic)  scattering  energies,  in  dis¬ 
tinction  to  the  processes  of  excitation  and  ionization.  The  inclusion  of  mul¬ 
tiple  scattering  contributions  in  perturbation  approaches  to  the  electron  captu¬ 
re  process  provides  the  leit-motif  of  the  entire  discussion  which  now  follows 
and  is  the  central  theme  of  this  presentation. 

Because  of  the  special  role  played  by  the  second  order  term  in  charge  exchan¬ 
ge,  I  devote  Section  2  to  the  comparison  of  the  single  versus  double  scattering 
mechanism  and  present  some  perhaps  unfamiliar  aspects  of  the  second  Born  (B2) 
approximation.  Section  3  tells  the  saga  of  the  birth  and  rise  of  multiple  scat¬ 
tering  approximations  which  have  recently  been  proposed.  The  acc®^^  is  placed 
not  so  much  on  a  detailed  discussion  of  the  various  scattering  models  but  more 
so  on  their  structural  content  resulting  from  successive  approximations  of  the 
exact  expression.  New  results  concerning  the  high  energy  behaviour  of  the  res¬ 
pective  approximations  are  also  briefly  discussed.  The  penultimate  Section  4 
addresses  itself  to  the  comparison  theory/experiment  in  two  cases  where  the  Bl 
approximation  fails  miserably.  This  provides  a  unique  experimental  and  theore¬ 
tical  "measure"  of  multiple  scattering  effects.  Finally,  I  conclude  and  summa¬ 
rize  in  Section  5. 

Atomic  units  are  used  throughout. 


2.  SINGLE  AND  DOUBLE  SCATTERING  CONTRIBUTIONS 
2.J  Some  Notation 

Let  us  consider  for  simplicity  the  collision  of  a  fully  stripped  projectile 
(P)  on  an  hydrogenic  target  (T).  The  capture  process  is  characterized  by  the 
charges  ,  Zp  and  masses  ^  of  the  target  and  projectile  respectively, 

as  well  as  by  the  initial  and  final  bound  state  quantum  numbers  which  I  denote 
succintly  by  i  =  (Z^,n'l*raO  and  f  (Zp,nlro) 

The  exact  transition  amplitude  is  then  expressed  as 
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t  .  =  <;  !l) 
fi 


T,P 


v^c;  v„ 

T  P 


I*  > 


(2.1) 


where  the  notation  V  means  that  the  prior  ,  Vp  .  or  the  post  ,  V.^  ,  interac- 
t|.on  of  the  electron^iith  the  projectile  or  target  can  be  used  interchangeably. 
G  is  the  full  Green's  operator  associated  with  the  complete  Hamiltonian,  H  , 
which  reads  in  terms  of  the  initial  and  final  unperturbed  Hamiltonians,  H.p  and 


H  =  H  + 


H..  +  V„ 


(2.2) 


where  H  Is  the  kinetic  energy  term, 
and  lij ^  ,  satisfy  the  equations 

|^.>  =  E  ,  Hp  t'^^>  = 


The  corresponding  wavefunctions, 

E  |.^^>  (2.3) 


at  the  same  total  energy  E.  Remark  that  I  disregard  from  the  onset  the  inter- 
nuclear  interaction,  V  ,  consistent  with  a  formulation  accurate  to  0(m/M,p  p)  . 
This  is  permissible  at  forward  scattering  angles  where  the  dominant  contribu-* 
tions  to  the  total  capture  cross  section  arise. 

By  using  the  formal  expansion 

G  =  G  I  HV  +  V  )  G  i"  (2.4) 

on  I  r  o 


in  terms  of  the  free  Green's  function  G  ,  and  inserting  in  (2.1),  one  obtains 
the  Born  series.  In  particular,  retaining  only  the  first  term  in  (2.4),  we  ar¬ 
rive  at  the  second  Born  amplitude 


B2 


* 


T,P  T  o  P  '  i 


.(I) 


.(2) 


(2.5) 


t^^^  being  the  single  and  the  double  scattering  contribution  to  the  B2 

amp  1 itude . 


2.2  Two  capture  mechanisms 

The  mechanisms  underlying  the  single  and  double  scattering  contributions  are 
perhaps  best  understood  from  the  high  velocity  behaviour  of  the  first,  , 

and  second,  »  Born  cross  sections.  High  velocity  means  v  >>  max(v,p,Vp) 

where  v  and  Vp  are  the  characteristic  orbital  velocities  in  the  initial 
and  final  states.  The  analysis  for  o^j  is  elementary  and  leads  to  the  fol¬ 
lowing  velocity  dependence 


-12-2Jl'-2A 

°Bi  "  '' 


(2.6) 


which  is  easily  understood  as  follows. 

Since  a  free  electron  cannot  be  captured  in  a  single  binary  collision,  one 
iz  faced  with  a  full  three-body  problem.  Furthermore,  that  the  electron  does 
not  change  velocity  during  capture  in  the  first-order  approximation  implies, 
therefore,  that  the  single  scattering  mechanism  (at  high  velocity)  must  operate 
with  recourse  to  the  high  momentum  components  of  the  Fourier  transforms  of  the 
wavefunctions  in  the  initial  and  final  state.  These  components  fall  off  rapidly 
with  increasing  momentum  as  ,  explaining  the  strong  velocity  dependence 

of  the  single  scattering  mechanism. 

In  contrast,  the  double  scattering  amplitude  gives  rise  to  a  v  dependence 
independent  of  the  initial  and  final  orbital  momenta,  reflecting  the  fact  that 
the  initial  electron  can  be  considered  as  free,  or  alternatively,  that  no  high 
momentum  components  are  needed  to  mediate  capture.  This  result  was  first  deri- 
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FIGURE  I 

The  classical  Thomas  scattering  for  electron  capture  (m  <<  Mp  ,  M^). 

ved  by  Urisko  (3)  whose  analysis  demonstrates  chat  the  quantum  mechanical  ampli¬ 
tude  contains  a  dominant  part  which  corresponds  to  two  separate  binary  colli¬ 
sions,  thereby  reconciling  the  quantum  mechanical  calculation  with  the  classical 
mo<J^l  of  electron  capture  proposed  by  Thomas  (4),  a  model  which  also  predicts  a 
V  fall-off  of  the  cross  section. 

The  classical  description  breaks  up  the  three-body  collision  into  two  succes¬ 
sive  binary  collisions  where  the  electror  first  scatters  off  the  projectile  ion 

through  bO^  with  respect  to  the  beam  direction  and  then  through  off  the  tar¬ 

get  nucleus  in  such  a  way  as  to  leave  the  electron  with  almost  zero  momentyiji 
with  respect  to  the  projectile  nucleus  (Fig.  !)•  In  this  picture,  the  v 
originates  from  the  prol  iCt  of^two  Coulomb  scattering  cross  sections  C  «  v  ) 
and  a  geometrical  factor  (2). 

One  notices  that  in  the  process  the  projectile  is  scattered  by  a  small  but 
finite  angle  (called  Thomas  angle  or  more  generally  "critical  angle"  (2, 

5,6))  which  in  our  case,  i.e.  ra  <<  ,  is  given  by 


•3  _  .v  m  sin  60^ 


(2.7) 


For  proton  impact,  >3  ^  =  0.^75  mrad  =  0.0272^  .  This  prediction  together  with 
Che  equivalence  of  the  Thomas  scattering  and  the  second  Born  approximation  leads 
one  to  speculate  (2)  on  the  possible  observation  of  the  double  scattering  con¬ 
tribution  in  a  differential  scattering  experiment.  Although  the  search  for  the 
"Thomas  peak"  must  have  resembled  at  times  the  search  for  the  Holy  Grail,  a  re¬ 
cent  experiment  performed  by  Horsdal-Pedersen,  Cocke  and  Stdckli  (7)  has  suc¬ 
ceeded  to  isolate  the  manifestation  of  the  double  scattering  mechanism  (Fig.  2). 
Instead  of  a  single  peak  at  the  Thomas  angle,  they  observe  at  high  but  non- 
asymptotic  velocity  a  shoulder  (around  0^  )  in  the  differential  cross  section 
superimposed  on  a  fast  decreasing  background,  where  the  width  of  the  structure 
reflects  the  finite  momentum  distribution  of  the  captured  electron. 

A  few  remarks  are  worth  mentionning.  First,  the  success  of  this  experiment 
ha*:  sparked  renewed  interest  (6)  in  the  appearance  of  critical  angles  in  the  ge¬ 
neral  three-body  collision  where  collision  partners  and  hence  mass  ratios  are 
taken  arbitrary.  Second,  second  order  effects  are  not  necessarily  a  particula¬ 
rity  uf  rearrangement  process,  but  are  also  present  in  break-up  collision  as 
predicted  and  measured  (8)  in  the  triple  differential  cross  section  of  electron 
impact  ionization,  {e,2e)  process.  Third,  the  experiment  of  Ref. 7  has  taught  us 
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Experimental  observation  of  the  Thomas  peak  (7)  compared  with  various  theore¬ 
tical  models.  From  Ref.  10  . 

that  although  a  second  Born  calculation  reproduces  qualitatively  the  data,  it  is 
however  necessary  to  resort  to  multiple  scattering  theories  (Section  3)  in  order 
to  obtain  quantitative  agreement  (9,10). 

The  asymptotic  second  Born  cross  section  obtained  by  Drisko  (3)  for  Is  -*■  Is 
capture  is  given  by 

5b2  =  (0.295  +  V  )  (2.8) 

2"  z.,.+z„ 

T  P 


which  is  the  special  case  of  a  more  general  formula  (II),  namely 


2i’+2i<-ls 


valid  for  arbitrary  initial  and  final  states.  Inspection  of  (2.8)  indicates 
that  in  the  integrated  cross  section  the  second  term  does  not  become  equal  to 
the  first  before  v  =  80  a.u.  (for  Z^=Z^-\)  although  the  presence  of  the  double 
scattering  is  perceptible  already  at  v  =10  a.u.  (7).  Since  the  dominance  of  the 

- 1 )  -1 2-2J  *  -2A. 

double  scattering  (v  )  versus  the  single  scattering  (v  )  mechanism  is 

strongly  dependent  on  the  orbital  quantum  numbers  I  close  this  Section  by  dis¬ 
playing  results  obtained  by  considering  capture  from  and  to  excited  states. 

Figure  3  shows  the  individual  contributions  to  the  B2  differential  cross  sec¬ 
tion,  i.e. 

(2.10) 

dOg|/dSi  »|t^' V  .  d02/dSl  «  ,  dOg^/dSi  »  |t^'^  +  • 
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©cm  (10'^ degree) 


FIGURE  3 

Separate  contributions  to  the  quantum  mechanical  second  Born  approximation 

The  cross  sections  are  multiplied  by  sind  to  make  the  area  under  the  curves  di' 
rectly  proportional  to  the  integrated  cross  section.  In  order  to  facilitate  the 
comparison,  the  velocity  v  and  the  states  are  chosen  to  give  approximately  equal 
integrated  cross  sectionin  all  three  cases.  As  and  X  increase,  the  relative 
importance  of  the  double  scattering  mechanism  increase  enormously  for  fixed  re¬ 
duced  velocity  v/v^  *  lO  and  the  two  mechanisms  "separate"  in  their  respective 
angular  regions.  Notice  that  the  absence  of  interference  between  the  first  and 
second  Born  contribution  for  all  but  s-^s  states  is  a  general  result  which  is  also 
reflected  in  the  asymptotic  behaviour  (2.9)  and  in  oart^cular  in  the  size  of  a^. 
Indeed  a  can  be  shown  to  arise  mainly  from  Re(t'‘  *^t^  ')  in  (2.10).  Whereas 
a  =  0.2§5  for  all  s-*s  states,  a  approaches  rapidly  unity  for  higher  orbital 

states,  e.g,  a  =  0.811  for  s-^p  states  and  a  =  0.997  for  s-^d  states  (11). 

Pursuing  the  task  of  mapping  the  regions  where  the  differences  between  the 
single  and  double  scattering  mechanisms  are  most  likely  to  appear,  I  show  in 
Fig. A  the  final  state  distributions  following  electron  capture  from  a  Rydberg 
state  (n ' = 10, A* =6) .  One  sees  that  for  all  but  the  smallest  velocity,  the  contri¬ 
bution  of  the  double  scattering  mechanism,  ,  dominates  clearly  the  final  state 
distribution:  favours  the  larger  n  final  states  and  for  a  fixed  n  (Fig.Ab) 

the  largest  possible  1  in  strong  contrast  to  Ogj*  That  is  to  say  that  a  signa¬ 
ture  of  the  double  scattering  mechanism  is  expressed  in  the  fact  that  if  one  is 
to  start  from  a  Rydberg  state,  one  is  most  likely  to  end  up  in  a  Rydberg  state. 

These  results  are  consistent  with  the  derivation  of  Spruch  (12)  who  further 
points  out  that  for  systems  involving  electron  transfer  from  one  Rydberg  state 
to  another,  the  classical  double  scattering  cross  section  is  not  only  equivalent 
Co  Che  quantum  mechanical  one  but  becomes  identical  to  it  in  the  limit  of  large 
quantum  numbers.  In  other  words,  classical  and  quantum  mechanics  agree  that  the 
double  scattering  process  is  the  simplest  mechanism  that  will  mediate  charge 
transfer  at  high  velocity. 

Having  dwelt  so  far  with  only  the  first  term  beyond  the  single  scattering  ap¬ 
proximation  and  leaving  the  processes  of  Fig. 3  and  A  as  a  challenge  to  Che  expe¬ 
rimentalist,  I  now  turn  to  consider  the  recent  advances  made  in  formulating  mul¬ 
tiple  scattering  approximations  in  charge  exchange  collisions. 


350 


LJ.  Dube 


1.0 
30 
20 
10 

1.0 
30 
20 
10 

60 
1.5 
30 
15 

231.56789101112  8  It 
n 

FIGURE  4a  FIGURE  4b 

Electron  capture  from  an  initial  Rydberg  state  (n' =1 0, =6) .  Individual  con¬ 
tributions  Co  the  second  Born  approximation,  a:  p  +  H (n '  =  10, =6)  ■.  H(n)  +  p, 
o(n'j,''.nX)  normalised  to  unity  at  the  maximum  of  the  n-distribucion ; 
b;  p  +  H(n'  =  I0,f '=6)  ^  H(n=7,f)  +  p,  (o(n 'i '^nf  )/o(n 'j?  '^n))^  . 
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to  give  T  | where 


T  =  +  V^G  Vp 


T  =  Vp  +  VpG  Vp 


(3.3) 


The  Green's  operators  associated  with  H,  Hp,  Hp  and  are  denoted  by  G,  Gp, 

G„  and  G  and  defined  as 
P  o 

G*  =  {E  -  H  ±  in)*'  (3.4) 

X  X 


where  ri  is  a  positive  infinitesimal. 

Approximations  of  the  transition  operators  (3.3)  (or  alternatively  of  the 
scattering  waves  (3.2))  are  most  easily  obtained  by  truncating  a  series  expan¬ 
sion  of  the  full  Green's  operator.  We  have  already  encountered  in  Section  2 
such  an  approximation  in  the  truncation  of  the  Born  series  (2.4).  In  fact  in¬ 
sertion  of  (2.4)  in  (3.3)  makes  particularly  clear  the  interpretation  of  the 
Born  expansion  as  a  multiple  scattering  series  in  which  the  electron  interacts 
repeatedly  with  the  potential  Vp  or  and  propagates  according  to  the  free  pro¬ 
pagator,  G  ,  between  two^such  interactions.  Explicitly,  the  individual  multi¬ 
ple  scattering  terms,  ~  ,  of  the  Born  expansion  for  the  transition  operator 
T-  read  ® 


r(ji) 


_  y  p(l-)  _  y 

T  ’  B  P 


V''  =  Vo  ''p 


(3.5) 


with  the  nth-order  approximation  given  by 

(±)  ^  g  ^(j±) 


Bn 


I  B 


(3.6) 


The  appearance  of  the  full  interaction,  (3.5)  shows  that  for  each 

multiple  scattering  term,  T^^'^  ,  there  exist  2^  ^  different  sequences  of  scat¬ 
tering  events  corresponding  to  distinct  ordering  of  the  individual  interactions. 
For  example,  for  j=4,  one  has  the  four  possible  combinations  (classified  for 
short  by  the  appropriate  sequence  of  interactions):  ^I'^P^T^P 

ViVpVpVp  .  That  is  to  say  that  the  nth  Born  approximation  contains  all  powers 

of  the  potentials  and  Vp  up  to  the  order  n-1,  i.e.  the  Born  approxi¬ 
mation  provides  no  ordering,  as  one  could  expect  from  a  perturbation  expansion, 
in  powers  of  one  or  the  other  interactions.  Although  this  remark  applies  to  di¬ 
rect  as  well  rearrangement  collisions,  one  sees  moreover  that  for  the  rearrange¬ 
ment  process  the  first  Born  approximation  is  never  a  consistent  first  order  ap¬ 
proximation.  This  flaw  of  the  Born  series  for  charge  exchange  and,  in  particu¬ 
lar  for  asymmetric  collision  partners  (Zp>>Z  or  Z^>>Zp)  where  the  strength 
of  one  interaction  is  markedly  larger  than  the  other,  has  been  recently  stressed 
and  has  led  to  a  resummation  of  the  Born  series  (13,14).  For  reasons  which  will 
become  clear  shortly,  the  expansion  is  called  the  strong  potential  Born  (SPB) 
series . 

Since  the  difficulty  clearly  arises  from  the  use  of  the  free  Green's  function 
in  (2.4),  one  considers  as  alternative  the  following  operator  identities: 

G  =  Gp  +  GpVpG  =  Gp  E  (V.j,Gp)" 

G  =  G.J,  +  CpVpG  =  Gp  E 


(3.7) 
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involving  the  Coulomb  Green's  operators  G  ,  G„  .  These  expansions  in  turn 
lead  in  (3.3)  to  a  series  characterized  by  multiple  scattering  terms  of  the  form 


(  1  + )  + 
'sU  +  VGV 
SPB  T  T  P  P 


^  =  V  +  V  G^V 
SPB  P  T  T  P 


^SPB  ■ 


=  V 

SPB  T 


(3.8a) 


(3.8b) 


In  distinction  to  (3.5),  these  expansions  are  well-ordered  in  powers  of  Vp  or 
and  possess  a  consistent  first  order  approximation  in  (3.8a). 

Let  me  consider  in  more  details  these  first  order  approximations.  First,  an 
infinite  subset  of  terms  of  the  full  Born  series  is  now  summed  explicitly  in 

.  These  terms  have  the  following  structure:  either  * '^T^P  ^SPB^ 

or  '^x'^P*  *  *^P^P  "^SPB^  *  potential  is  therefore  retained  to  first  order 

only  whereas  multiple^scatterings  with  the  other  potential  are  built  in  to  all 
orders  through  the  Coulomb  Green's  operators.  This  makes  plausible,  in  the  con¬ 
text  of  asymmetric  collisions  for  which  Zp>>Z^  (Z^>>Z  )  and  where  in  some  sense 
one  can  speak  of  a  strong  Vp  (V^)  and  a  weak  potential  name 

SPB  approximation.  Second,  since  the  approximation  is  by  construction  asymme¬ 
tric  in  the  way  it  treats  both  interactions,  the  two  forms  of  the  SPB  transi¬ 
tion  amplitudes 


“^SPB 


<*fi  T 


(1±) 

SPB 


:4,.> 


(3.9) 


are  obviously  no  longer  equivalent  in  contrast  to  (3.1),  although  they  still 
possess  the  important  property  of  containing  to  lowest  order  (i.e.  G^=GptG^  ) 
the  second  Born  approximation  guarantying  thereby  the  correct  high  energy  be¬ 
haviour.  Third,  as  far  a  the  transition  operator  is  concerned,  there  exists 
only  one  proper  physical  form  of  the  approximation  dictated  by  the  ratio  Z^/Zpt 
the  post  form  for  Z^/Zp  small  and  the  prior  form  for  2„/Z  large.  However 
since  and  4^,  are  also  functions  of  Zp  and  Z^  the  situation  is  not  so  clear- 
cut  for  the  amplitudes  (3.9)  because  they  are  not  analytic  functions  of  Z^/Z^ 
(14).  One  should  then  probably  consider  in  addition  other  collision  parameters 
such  as  Vp  and  V.J,,  in  selecting  the  appropriate  approximate  amplitude  in  a  given 
physical  situation.  This  point  is  currently  under  investigation. 

Fourth,  the  expressions  (3.9)  can  also  take  the  form 

‘sPB  =  ''t  SpB  =  ^fl  ''P 

where  I  have  introduced  the  "distorted"  waves 

|Xj>  =  (I  +  GpVp)U.>  Ix">  =  (I  +  G'v.j,)|iJ,p>  ,  (3.11) 

displacing  simply  the  approximations  from  the  transition  operators  to  the  scat¬ 
tering  wavef unctions . 

3.2  Structural  (genealogical)  information 

Having  introduced  the  fundamentals  of  some  formal  multiple  scattering  expan¬ 
sions,  I  now  want  to  turn  to  the  classification  of  existing  multiple  scattering 
approaches.  Two  groups  can  be  distinguished:  one  in  which  a  partial  summation 
of  subsets  of  the  Born  series  is  sought  for,  and  one  where  a  distorted  wave  for¬ 
malism  attempts  to  incorporate  an  adequate  description  of  the  distortion  caused 
by  the  projectile  and  target  ions  in  the  entrance  and  exit  channel  respectively. 
The  merubers  of  the  first  class  emerge  in  the  particular  choice  of  continuum 
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intermediate  states,  whereas  the  members  of  the  second  class  are  obtained  by 
successive  approximations  of  the  channel  distortions.  It  is  evident  that  this 
separation  is  somewhat  artificial  since  both  points  of  view  often  provide  com¬ 
plementary  information  on  the  approximation.  Other  characteristics  are  also  ne¬ 
cessary  to  qualify  the  different  approaches,  such  as  i.  their  symmetry  proper¬ 
ties  in  the  treatment  of  the  target  and  projectile  fields,  ii.  their  asymptotic 
behaviours  (Section  3.3),  and  iii.  their  region  of  applicability  in  terms  of  the 
various  collision  parameters  (Z^/Zp,  v^,  Vp  and  the  relative  velocity  v) .  Two 
possible  classification  schemes  are  shown  in  Fig. 5.  The  reader  is  urged  to  take 
these  orderings  with  the  necessary  grain  of  salt. 

Starting  from  the  top  in  Fig. 5a,  one  encounters  the  newly  derived  (15)  dis¬ 
torted-wave  Born  (DWB)  approximation.  The  approach  is  meant  to  extend  the  regi¬ 
me  of  applicability  of  the  SPB  approximations  to  symmetric  collision  partners 
(Z^=^Zp)  by  removing  the  blatant  asymmetric  introduced  in  the  SPB  amplitudes:  to 
th^s  effect,  the  DWB  amplitudes  do  not  have  any  post-prior  discrepancy,  i.e. 

^■DWB  ~  ^DWB  *  connection  to  the  SPB  theory  is  best  illustrated  by  defi¬ 

ning  the  two-body  transition  operators 


T  =  V  +  V  G  V 
P  P  P  P  P 


V  +  V  G  V 
T  T  T  T 


(3.12) 


in  terms  of  which  the  DWB  amplitudes  take  the  form  (10) 


+  ( 1  ■•■ )  I  +1  ( 


V^G^Vp  lx,> 


followed  by  the  chain  of  approximations 


FIGURE  5a  FIGURE  5b 

Classification  of  multiple  scattering  approaches  according  primarily  (a)  to 
their  treatment  of  the  intermediate  continuum  state  and  (b)  to  the  inclusion 
of  channel  distortions. 
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t*  =  +  <|()  I  V  G*T  I  I|<.  >  =  +  <4,1  V  G^"  !xt> 

SPB  T  o  P  '  T  o  P  '•'i 


SPB 


.  <4,1  T^G^Vp  |4,> 


.(!-) 


V>P 


One  observes  the  close  structural  similarity  of  (3,13)  with  the  B2  approximation. 
The  DWB  theory  incorporates  a  much  broader  subset  of  the  Born  series  as  the  SPB 
approach  does,  in  that  all  terms  of  the  form  V^V^. . . V^V^VpVp. . . VpVp  are  summed 

up.  It  is  perhaps  interesting  in  the  present  context  to  mention  that  the  DWB 
approximation  can  also  be  derived  from  the  Schwinger  variational  principle  (15, 
16)  in  which  the  SPB  amplitudes  emerge  as  the  lowest  order  approximation  (17) 
(i.e.  when  tp.  and  are  chosen  as  trial  wave funct ions )  .  The  connection  with 
the  Faddeev-^/atson  scattering  formalism  (16)  has  also  been  made  (10,15). 

On  the  practical  side,  the  SPB  amplitude  has  been  evaluated  to  date  only  for 
low  quantum  numbersand  with  the  help  of  various  analytic  approximations  (13,18) 
and  a  single  approximate  calculation  of  has  been  reported  (10,  curve  la¬ 

belled  "present"  in  Fig. 2).  It  is  not  clear  to  what  extent  the  approximations 
destroy  the  physics  one  has  built  into  these  theories  and  one  badly  needs  refe¬ 
rence  calculations  to  answer  this  question.  At  present,  little  is  known  about 
the  exact  evaluation  of  and  except  that  one  would  be  faced  with  unsus¬ 

pected  difficulties,  in  form  of  divergences,  in  trying  to  do  so  (19).  It  is 
fair  to  say  that  the  initial  excitement  over  the  SPB  and  DWB  has  now  given  way 
in  some  circles  to  wary  skepticism.  However,  suggestions  for  the  removal  of 
these  singular  behaviours  (19,20)  are  already  paving  the  way  to  an  anomaly-free 
theory. 

Ignoring  for  the  moment  these  controversial  aspects,  let  me  concentrate  on 
the  strength  of  Che  SPB  approach.  This  is  most  easily  done  by  performing  the 
Fourier  analysis  of  (3.9)  to  get  (for  conciseness  only  the  prior  form  is  presen¬ 
ted) 

V2  r  '  -  ^3.U) 

tspB^iS)  =  (2”)  Jdk  4*(k)Vp(k')  (2^:1)  1  exp(ik'-r)  1*  ,> 

with  k'  =  k+K  .  K  is  the  momentum  transfer,  ,are  initial/final  bound 

state  wavefuncCions  with  binding  energies  f  ^represents  the  Fourier 

transform  of  the  function  f  .  The  intermediate  state  'f,  (Z^;r)  is  in 

2  ^  -  T  — 

general  an  off-shell  (i.e.  c  ^  (|^+v)  /2  )  continuum  wavefunction  in  the  field 
of  the  target  with  the  off-shell  energy  given  by 

=  v^/2  +  k-v  +  e,  (3.15) 


The  amount  by  which  this  energy  differs  from  its  on-shell  value  can  easily  be 
estimated  as 

Ufl  =  ''p^/2  <  (k<-v)^/2  -  c_  <  Vp^  =  2|e,|  .  (3.16) 

This  follows  from  the  observation  that  the  momentum  wavefunction  ^^(k)  has  a 
sharp  maximum  at  k  =  0  with  half  width  of  the  order  |k|  <  v  .  ^  Although 
the  relative  deviation  from  the  on-shell  energy  can  be  made  small  for  v^  >>  v  , 
lilt  tue  sneil  is  non-uniform  and  lead  Co  sizeable  corrections  wit^ 

respect  to  the  pure  on-shell  wavefunction.  The  essential  and  novel  features  of 
Che  SPB  theory  follow  from  allowing  for  a  proper  account  of  the  off-shell  nature 
of  the  intermediate  continuum  state.  A  comprehensive  mathematical  discussion 
of  this  point  is  to  be  found  in  Refs .( 1 3, 14, 18) , 

For  our  purpose,  the  important  result  lies  in  the  increased  region  of  validi¬ 
ty  of  the  SPB  amplitudes  to  the  intermediate  energy  regime.  Roughly,  they  are 
expected  to  be  applicable  for  velocities 
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V  ^  =  V  ^  in  the  prior  SPB  with  Z  >>  Z 

^  "  IP  (3.17) 

7  7  2  2  .  i  !  / 

V  >>  V  ==  Vp  in  the  post  SPB  with  Zp  >> 

2  2  2 

This  should  be  compared  with  the  criterion  v  >>  inax(Vp  ,v^  )  which  applies 
to  all  other  approaches  (except  DWB)  listed  in  Fig. 5.  The  absence  of  complete 
and  reliable  error  analysis  and  the  scarcity  of  'perimental  data  ovei  a  wide 
range  of  collision  parameters  make  it  difficult  .  jwever  to  delineate  the  regions 
of  validity  of  each  approximation  in  any  definitive  manner. 

Inspection  of  Eqn.(3.14)  reveals  a  simple  physical  interpretation  of  the  cap¬ 
ture  process.  The  mechanism  consists  of  first  "ionizing"  the  active  electron 
from  its  initial  state  to  a  continuum  state  centred  on  the  target  by  absorption 
of  a  momentum  k'  from  the  heavy  particle  motion.  This  transfer  of  rooraentum  is 
mediated  by  the  single  scattering  in  the  (weak)  field  Vp  whose  strength  is  given 
by  Vp((^')  .  The  capture  is  then  completed  by  projecting  this  ionization  matrix 
element  onto  the  momentum  distribution  4>f(k)  of  the  final  state.  This  close 
ressemblance  with  the  ionization  process  (13,14,21)  gives  further  support  to 
the  statement  that  the  SPB  approximation  is  to  charge  exchange  what  the  first 
Born  approximation  is  to  ionization. 

In  connection  with  the  classification  of  Fig. 5a,  one  has  yet  to  indicate  tne 
relationship  among  the  other  members  of  the  hierarchy.  They  aii  emerge  from 
successive  simplifications  in  the  way  the  target  continuum  is  treated.  The  ne¬ 
cessary  mathematical  steps  are  spelled  out  in  Refs. (21, 22)  and  the  interested 
reader  is  to  look  there  for  the  technical  details.  The  impulse  approximation 
(IA,23)  is  obtained  by  replacing  the  off-shell  wavefunction  ^ 

on-shell  counterpart  » 

t'^(K)  =  |dk.+*(k)Vp(k')  <3'"^^(Z.j.;r)|  exp(ik'-r)  ]>  •>  .  (3.18) 

A  peaking  form  of  tht  lA  (PIA,24)  eliminates  further  the  Ic  dependence  of  the 
matrix  element  appearing  in  (3.18),  recognizing  that  J^Ck)  experiences  a 
strong  maximum  at  k  0  , 

exp(iK*r)  |o  .  >  jdk  ^  *  (k)  Vp(k  ’ )  .  (3.19) 

This  apparently  innocuous  approximation  has  the  virtue  of  making  (3.19)  analy¬ 
tically  tractable  for  arbitrary  initial  and  final  states  (22)  but  affects  its 
asymptotic  behaviour  (Section  3.3)  in  such  a  way  as  to  decrease  enormously  its 
applicabi 11 ty  (25).  Another  akin  method  is  the  eikonal  approximation  (EA,26) 
which  was  the  first  multiple  scattering  approach  to  appear  going  beyond  the  B1 
approximation  and  for  which  amplitude  and  cross  sections  are  available  in  closed 
form  and  for  a  wide  range  of  quantum  numbers.  One  obtains  the  EA  amplitude  from 
expression  (3.19)  by  using  instead  of  H'^(Z^;^)  its  asymptotic  form  for  large 
argument  (vr+v*£)  ,  viz.  — 

-3/2 

H'^(Z^;£)  -»■  (2tt)  exp(iv-_r)  exp  ( iu^ln(vr+v'£) )  (3.20) 

with  .  In  view  of  the  success  that  the  EA  has  enjoyed  in  comparison 

with  experiment,  the  present  way  of  "deriving"  it  as  a  mathematical  infant  of 
the  PIA  probably  obscures  its  merits.  Finally,  the  B1  approximation  is  recove¬ 
red  by  replacing  the  continuum  state  by  an  undistorted  free  wave. 

Of  the  many  multiple  scattering  methods  which  have  appeared  over  the  years, 
the  continuum  distorted  wave  (CDW)  approximation  has  received  constant  attention 
(27)  since  its  conception  in  the  mid-sixties  by  Cheshire  (28).  The  method  is 
the  central  element  of  the  classification  shown  in  Fig. 5b.  Its  major  characte¬ 
ristics  are  i.  a  symmetric  (albeit  approximate)  treatment  of  channel  distortions 
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ii.  a  particular  attention  to  satisfy  the  proper  boundary  conditions  and  iii. 
the  possible  reduction  of  its  transition  amplitude  to  an  analytic  closed-form 
expression.  The  recent  developments  are  many  and  comprise  the  implementation 
of  to  cover  arbitrary  initial  and  final  states  (22,29,30),  the  proposal  for 

various  refinements  (31),  the  extension  of  CDW  to  second-order  (CDW2,32),  the 
discussion  (33)  and  derivation  (34)  of  its  asymptotic  velocity  dependence  and 
to  emphasize  its  versatility  its  successful  application  to  ionization  (35). 

Once  again  I  confine  myself  to  an  operational  derivation  of  the  approxima¬ 
tions  appearing  in  Fig. 5b.  Let  me  consider  for  this  purpose  the  functional  (36) 

(H  -  E)  !'('*.>  (3.21) 

where  the  functions  are  still  to  be  chosen.  One  c^n  easily  convin¬ 

ce  oneself_th^t  the  on-shell  limit  (i.e.  E-  of  4*  -  and  E.  of  4'  ,  both  equal  to 
E)  of  _j_t  (4'^,  S' .  )  is  identical  to  the  exact  transition  ampli  tude^  (3 .  i  )  when  4'. 
and  4'.  are  the  exact  scattering  wavefunctions  given  by  (3.2).  The  choice 
of  distorted  waves  appropriate  to  the  methods  of  Fig. 5b  can  then  be  shown  to  be 
of  the  form 


u.>  =  u.>  1.  |C.>  -  |K.>  L. 

'  1  1  =  1  i' 

(3.22) 

where 

reads 

the  coordinate  representation  of  the  distortion  operators  L. 

and  L . 

1, 

^i  ’  |Ei(i«p.lli(vrp+v  £p)) 

^f  “  |F|  (iv^,  1  ;-i(vr.p+v  r.j.)) 

(3.23) 

l!  “  exp(-ivpln(vrp+v-£p))  ,  =  exp( iv.j,ln  (vr.j,+v-£.j,) ) 

where  N(u)  =  exp(i!v/2)  r(l-iv)  and  £p  ,  £.j,  are  the  position  vectors  of  the 
electron  with  respect  to  the  projectile  and  target  respectively.  The  symmetric 
CDW  approximation  and  its  asymmetric  partners  PIAi  correspond  to  the  insertion 
of  (3.22)  in  the  functional  (3.21)  to  give 

‘cDW  =  '«fl 

(3.24a) 

''PIA  "  ‘"''fl  "  E))Uj>  = 

(3.24b) 

tpiA  =  UH  -  F)  U.>}  =  <^"|  Vp  U.> 

(3.24c) 

where  the  asymmetric  nature  of  the^PIA±  is  once  again  reemphasized.  If  one  is 
then  to  use  the  eikonal  phases,  distortions,  one  obtains,  in  the 

same  spirit  as  in  the  CDW,  a  symraettization  of  the  eikonal  approximation.  This 
newly  proposed  method,  called  the  sywnetric  EA  (SEA,  37),  again  with  its  asym¬ 
metric  versions  EA±  ,  is  explicitly 

tgEA  “  '  E)  |£.J>  (3.25a) 

°  ~  1 5%  (3.25b) 

4a  "  “  E)  =  <Cf|  Vp  l4,.>  .  (3.25c) 

The  SEA  has  already  been  shown  to  be  quite  successful  in  comparison  with  experi¬ 
ment  (37)  and  possesses  the  advantaite  that  the  distorted  waves  used  are  always 
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properly  normalized  in  distinction  to  the  CDW  approximation  where  the  lack  of 
normalisation  leads  to  difficulties  (Coo  large  cross  sections)  at  small  veloci¬ 
ties.  The  last  two  members  of  the  present  family  which  1  denote  by  EPIA+  are 
some  sort  of  hybrid^wher^  distortions  are  included  in  both  changels^  using  the 
eikonal  distortion  (L.)  in  the  final  (initial)  channel  and 
initial  (final)  channel  ^or  EP1A+  (EP1A-).  The  incentive  and  predictions  of 
such  an  hybridization  are  discussed  in  Ref. 38.  Remark  finally  that  the  SPB 
amplitudes  can_be  obtained  formally  by  replacing  and  | in  (3.24  b-c) 

Ix-^  and  Eqn.(3.1l). 

A  common  feature  of  the  members  of  this  second  hierarchy  is  that,  once  the 
choice  of  distorted  waves  has  been  made,  the  transition  amplitude  can  be  reduced 
in  all  cases  without  any  further  approximation  to  a  closed-form  expression  for 
arbitrary  initial  and  final  states.  This  will  allow  in  the  future  for  a  test 
of  the  consistency  of  the  various  approximations. 

The  methodology  I  have  adopted  in  this  Section  Co  expose  the  connections 
between  a  variety  of  multiple  scattering  theories  can  not  pay  full  credit  to  the 
formal  and  mathematical  developments  of  the  last  few  years.  However,  the  sim¬ 
ple  vehicles  of  continuum  intermediate  states  and  channel  distortions  serve  well 
the  purpose  of  displaying  and  classifying  the  common  and  complementary  facets 
of  the  rapidly  growing  classes  of  multiple  scattering  methods. 

3.3  Asymptotic  information 

The  asymptotic  velocity  dependence  of  charge  exchange  theories  is  still  ano¬ 
ther  way  to  classify  the  various  approximations.  Many  new  results  have  appeared 
lately  and  we  will  see  chat  few  of  the  methods  discussed  so  far  have  the  desira¬ 
ble  property  of  behaving  asyr.ptotically  as  the  double  scattering  term. 

In  order  to  simplify  the  analysis,  I  have  proposed  recently  (39)  to  extract 
the  leading  velocity  dependence  (i.e.  Che  equivalent  last  term  in  an  expansion 
of  the  type  (2.9))  of  higher  order  theories  from  a  study  of  the  double  scatte¬ 
ring  term.  The  strategy  is  Chat  under  the  assumption  that  the  leading  velocity 
dependence  is  given  solely  by  the  double  scattering  term,  the  problem  of  finding 
this  dependence  for  a  full  multiple  scattering  expansion  is  reduced  to  that  of 
examining  the  asymptotic  behaviour  of  the  corresponding  double  scattering  ampli¬ 
tude  included  (implicitly  or  explicitly)  in  the  expansion.  This  procedure  has 
been  applied  with  success  to  the  PIA±  (39)  and  the  EAf  (4C)  and  the  reader  is 
referred  to  Refs(39,40)  for  more  details. 

Since  jhe  DHB,  SPB  and  lA  theories  contain  explicitly  the  double  scattering 
term  V^G^Vp  in  its  multiple  scattering  expansion  (Sections  3.1,  3.2),  the  me¬ 
thod  of  Ref. 39  makes  it  plausible  in  the  absence  of  a  rigourous  mathemati¬ 

cal  derivation  that  the  as3nnptotic  velocity  dependence  of  these  theories  is  gi¬ 
ven  by 


DWB 


=  8 


SPB 


lA 


B2 


-I  I 

V 


(3.26) 


to  leading  order  only  and  for  arbitrary  states.  This  statement  is  valid  only 
for  the  leading  coefficient  and  much  more  care  is  necessary  to  extract  the  lower 
terms  in  the  complete  asymptotic  expansion. 

On  the  other  hand,  the  PIA±  as  a  result  of  the  peaking  approximation  have 
lost  part  of  their  Thomas  scattering  contribution  and  display  a  velocity  depen¬ 
dence  at  variance  with  that  of  the  lA  from  which  it  is  derived,  viz. 


a 


PIA 


-11-21’ 

V 


PIA 


-11-21 

«  V 


(3.27) 


This  discrepancy  can  be  traced  directly  to  the  use  of  the  peaking  approximation 
and  sheds  some  light  on  the  application  of  this  high  energy  approximation.  Ta¬ 
ble  1  and  Fig. 6  displays  rather  eloquently  the  effects  of  Jhe  peaking  on  the 
lA:  for  example,  for  Z.j,=Zp=l,  Is  ->  3d  ,  the  ratio  R^^^  =  ®PIA^*B2  ^ 

That  is  to  say  that  while  peaking  approximations  are  frequently  valuable,  their 
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TABLE  1.  Asymptotic  ratios  ~ 
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where  the  full  asymptotic  expansion  is  solely  due  to  the  corresponding  single 
and  double  scattering  term  of  the  eikonal  expansion  (40),  i.e.  the  first  two 
terms  in  the  series  expansion  of  the  eikonal  phases  (3.23)  in  the  amplitudes 
(3.25  b,c;.  Z'  is  used  to  allow  freedom  in  the  choice  of  the  Coulomb  distortion. 
The  absence  of  v  (or  remnants  thereof  as  in  (3.27))  dependence  reflects  the 
fact  that  the  eikonal  multiple  scattering  approximation  allows  only  for  forward 
propagation  between  two  successive  collisions  eliminating  from  the  onset  the 
presence  of  a  Thomas-type  scattering. 

For  the  CDW  approximation,  the  complete  transition  amplitude  must  be  analy¬ 
sed  directly  without  any  further  simplification.  One  can  show  (41)  that  for 
Is  Is,  with  completely  (not  only  to  leading  orij^r)  and 

some  analytic  and  numerical  studies  (22,33)  indicate  that  ®v  for  all 

states  but  with  a  forefactor  which  differs  from  that  of  o^^  (Table  I). 

These  results  are  substantiated  by  the  analysis  of  rrr*<-hers  (34)  where  he  deri¬ 
ves  the  leading  coefficient  for  Is  nim  .  He  also  shows  that  by  going  to  se¬ 
cond  order  in  the  distorted  wave  expansion  one  alleviates  this  discrepancy  and 
recovers  asymptotically  (to  leading  order)  the  correct  asymptotic  behaviour  (34). 

As  for  the  SEA,  only  Is  -*•  Is  transition  has  been  examined  in  details  (37) 
but  one  can  conclude  from  the  structure  of  the  theory  that  can  be  written 

as  in  (3.28)  with  however  slightly  different  coefficients  .  Remarkably, 
the  derivation  of  a  second  order  (SE2,  42)  brings  again  (at  least  for  Is  Is) 
the  asymptotic  dependence  in  agreement  with  that  of  the  second  Born. 

Finally,  one  may  be  concerned  about  the  relevance  of  the  asymptotic  results 
to  calculations  at  less  than  asymptotic  velocities.  This  question  is  not  com¬ 
pletely  elucidated.  My  point  of  view  is  that  the  significance  of  an  asymptotic 
study  does  not  lie  in  a  particular  application  but  rather  in  what  it  teaches  us 
about  the  structure  of  the  theories. 


4.  EVIDENCES  OF  MULTIPLE  SCATTERING  EFFECTS 

Tlie  experimentalists  have  increasingly  confronted  the  theorists  in  tne  last 
few  years  with  new  generations  of  experiments  where  finer  details  of  the  colli¬ 
sion  dynamics  are  examined:  such  as  differential  cross  sections,  state  to  state 
cross  sections  (43-45)  and  coherence  effects  (46).  In  some  sense,  the  theoreti¬ 
cal  response  to  this  stimulus  forms  the  most  part  of  Section  3.  I  have  cliosen 
two  examples  where  the  need  to  include  higher  order  contributions  in  Liie  des¬ 
cription  of  the  charge  exchange  mechanism  is  particularly  apparent. 

4.1  Final  state  distribution 

The  first  experiment  consists  of  tlie  following  capture  reaction 

c'^'^CIs^)  +  T  ^  C^'"(Is^nl)  +  T*  (A.I) 

where  T  is  either  or  He  (44).  The  high-resolution  spectro.scopy  of  the  subse¬ 
quent  photon  emission  is  used  to  extract  selective  information  about  the  final 
state  (n,l)  population  produced  during  the  capture  process.  The  impact  energies 
(E  =  2,  3,  4  and  5  MeV  or  v  =  2,58,  3.16,  3.65  and  4.08  a.u.;  were  selected  such 
that  the  relative  velocities  are  large  enough  for  perturbative  charge  transfer 
theories  to  be  applicable  but  small  enough  for  the  cross  sections  to  remain  si¬ 
zeable.  A  common  feature  of  all  experiments  (44,45)  performed  at  those  veloci¬ 
ties,  is  that,  in  contrast  to  similar  investigations  at  lower  velocity  (43) 

(v  <  1  a.u.),  where  the  electron  is  preferentially  captured  into  one  or  two  well 
defined  principal  shells,  several  prominent  lines  can  be  identified  as  transi¬ 
tions  from  Rydberg  states  (ni)  with  n  <  10. 

One  recalls  that  it  is  often  assumed  that  even  the  simplest  capture  approxi¬ 
mation  (i.e.  Bl),  although  overestimating  the  magnitude  of  the  experimental 
cross  sections,  should  nevertheless  describe  the  relative  capture  cross  sections. 
This  is  a  fallacy  and  the  comparison  shown  in  Fig. 7  provides  the  necessary 
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FIGURE  7 

4+2  3+ 

Final  scace  distribution  in  C  (Is  )  +  -♦  C  (ls‘’ns,p,d)  *■  H,,(?)  , 

(E*  2  MeV,  flS  ),  CE=  3  MeV,  #  ),  (E=  5  MeV,  ■  )  from  Ref. 46,  compared  to  the 
first  Born  approximation  (left'  and  to  the  CDW  approximation  (right).  The 
data  are  normalized  to  the  corresponding  theoretical  result  at  2  MeV  for  the 
final  state  ni  =  3d. 

theoretical  and  experimental  evidences  that  contradict  the  essence  of  this  ad 
lioc  assumption . 

In  Fig. 7,  the  experimental  signal  is  normalized  to  theory  at  2  MeV  for  the 
final  state  nl  =  3d.  One  notices  immediately  some  spectacular  differences 
between  the  single  scattering  (Bl)  and  the  multiple  scattering  (CDW)  calcula¬ 
tions.  Whereas  the  first  Born  approximation  is  clearly  inadequate  to  represent 
the  data,  and  this,  independent  of  the  normalisation  point,  the  CPW  cross  sec¬ 
tions  reproduce  (at  least  qualitatively)  tlie  systematic  trends  and  velocity  de¬ 
pendence  of  the  s,p,  and  d  series.  This  in  turn  gives  further  evidence  of  tlie 
inadequacy  of  the  former  theory  and  provides  a  direct  measure  of  the  importance 
of  the  multiple  scattering  effects  in  the  capture  process. 

Other  experimental  studies  (45)  have  reached  the  same  conclusions  and  confirm 
tlie  superiority  of  a  multiple  scattering  description  of  the  capture  raoclianism 
over  the  single  scattering  approximation.  The  comparison  of  the  CDW  and  Bl  cal¬ 
culations  also  indicates  that  multiple  scattering  effects  are  responsible  not 
only  for  a  change  in  the  magnitudes  of  the  cross  sections  but  also  for  a  redis¬ 
tribution  of  the  final  state  population.  Although  the  CDW  predictions  show  a 
dramatic  improvement  over  the  Bl  results  and  are  in  this  respect  encouraging, 
the  agreement  with  experiment  is  still  not  fully  satisfactory. 
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4 .  J  ColitTont  oxcitation  in  electron  capture  collisions 

The  se  ind  type  of  experiment  consists  of  the  complete  determination  by^Have- 
ner  et  al .  (4^)  of  the  n=3  density  matrix  formed  by  electron  capture  in  H  +  He 
•  H(n=3)  +  He  .  One  remembers  Chat  the  density  matrix  is  the  fundamental  quan- 
titv  to  describe  final-state  cohereiices  and  contains  the  maximum  quantum  mecha¬ 
nical  information  on  the  scattering  amplitudes  in  an  ion-atom  collision  process. 

'Ihe  investigation  of  Havener  et  al.  (46)  shows  clear  evidence  of  a  large,  po¬ 
sitive  dipole  moment  of  the  excited  electron,  ^  0  »  along  the  beam  axis  in 

contrast  to  the  predictions  of  the  Bl  approximation  which  predicts  a  vanishing 
expectation  value.  Tlierefore,  the  observation  of  a  nonvanishing  dipole  moment 
clearly  indicates  the  failure  of  the  first  Born  approximation  and  points  to  the 
necessity  of  including  multiple  scattering  contr ibut i tins  in  a  calculation  of  the 
density  matrix. 

To  quantify  this  deviation,  we  have  calculated  (47)  with  different  approxi¬ 
mations  toe  axially  symmetric  n*3  density  matrix  defined  as 

a  ,  ,  ,  =  v'  ,  fdK  t,  (K)  t*.  ,(K)  iS(K-v  -  v^/2  -  a>, )  (4.2) 


where  denotes  the  transition  matrix  element  from  a  Is  initial  state  to 

an  hydrogenic  final  projectile  state  (n=3,lm)  as  a  function  of  the  momcMitum 
transfer  K  .  The  difference  in  the  binding  cneigics  is  written  Ac  *  -  c.  . 

The  diagonal  elements  correspond  to  the  usual  substate  cross  sections  and 
the  off-diagonal  elements  provide  detailed  information  on  the  relative  phases 
of  the  scattering  amplitudes  not  accessible  in  conventional  determinations  of 
the  cross  sections. 

T'ne  density  matrix  elements  can  be  further  parametrised  in  terms  of  expecta¬ 
tion  values  of  the  angular  mt>mentum  operator  L,  tlie  Rungc-Lenz  vector  A  and  the 
perihelion  veo'tor  (L  *A)  (48).  In  particular,  the  /-component  of  A  is  related 
lo  the  elements  of  •,  ,i  t  bv 


The  importance  of  stems  from  the  observation  tliai  its  matrix  elements  are  di¬ 
rectly  related  to  tiiose  of  the  dipole  moment  for  eacli  n  subspace  by 


d  '■  3  n  A 


Tlie  Lalculation  oi  <A  sluiwn  in  Fig. 8  together  with  t!ie  experimental  data 

■f  Havener  et  al.  (-*6),  '  As  mentioned  .ilre.idy,  in  the  Bl  (in  Fig. 8  denoted 
OBK)  appr  ximalion,  'A  ■  v.inislies  at  all  energies.  A  simple  analvsls  (49)  sliows 
furtlier  tliat  this  behaviour  wou:  1  .also  be  f  »und  i»i  tlie  prior  fvirm  *.<1  tlu-  KA, 

HiA,  ai.  !  tb,'  peaking  near-shell  approx  im.’ t  i  on  to  the  SHB  (13).  Tlu-  ('i>W  nu-tliod 
yields  a  noi;  van  i  stii  ng  *A.  ^  (t'r  dipole  mvmient  )  .  The  direction  of  d  i  sp  1  a<ement 
as  well  as  the  energy  dependence  agrees  reasonably  well  with  t  lu*  data.  The 
vMplurid  electrci'i  lags  benind  the  projectile,  i.  .  'A  t)  .  Tlu*  al'solute 

magnitude  howt  ver  is  too  small  although  the  experimenfal  trend  sugge  sts  tliat 

agrei'fnefit  .slnnild  improve*  at  higher  ve  1  «)ci  t  i  es .  Ir  is  'lo  surprise  that  onlv  a 

qualitative  agreement  is  obtained  since  the  ld)W  app rox imal i on  is  i nt r i ns i ca  1  I  v 

,1  higli-energy  a,  proxi  ma  t  i  on  .  Ne  vert  lu- 1  ess ,  one  sees  th.al  a  linite  v.ilue  i>f 

‘A  is  a  unique  measure  oi  th-  prt’Sence  <^f  second-  and  hign^T-  .'rder  terms 
in  a  perturhat  i  oil  'xpansiv»n  of  l  lu  capture  amplitude.  More  <»i  tlusv-  delicate 
•  'xperiments  would  1  '»  wulcomi*  to  provide  .i  sensili.e  lert  v)l  our  various  scall*.'- 
-  i  ng  mi'de  1  s  . 
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V  (a.  u  ) 


FIGLRE  8 

Expectation  value  o(  the  z  component  oi  (a)  the  Runge-Lenz  vector  *  A  > 
and  ot  (b)  Che  perilielion  vector  •  (L*A).'’  following  charge  transfer' 
p  +  He  ”  H(n*3)  +  He  as  a  function  of  tiio  prv'joctilv  velocity  (47).  Dots 
with  error  bars,  experimental  data  t>f  Havener  et  al.  (46). 

3.  SL:>D‘UKY 

I  liave  reviewed  the  recent  theoretical  progress  achieved  in  formulating  and 
implementing  multiple  scattering  approximatiivns  to  the  electron  capture  process 
In  classifying  tliem  in  related  families,  I  have  tried  to  extract  and  display 
thfir  main  ciiarac te r i st i e  features.  Despite  their  deficiencies,  the  strength 
of  clif  perturbation  expansions  is  to  isc^Iate  dominant  mechanisms  for  chargi’ 
tran‘^fer  ar^d  I  have  «.xposed  some  of  tiu'm  i  fi  liie  discussion.  Altlu>ugh  much  pro- 
k^ress  has  been  made,  we  ar'  still  far  from  ;j  definitive  answer  ti>  the  rattier 
elusive  pr<d)lem  of  elevLron  eaplnre.  For  the  next  future.  I  suspect  tlial  a 
sa  t  i  s  f  ao  t  I’rv  ctmipromise  between  realism  and  t  rac  t  i  b  i  I  i  I  v  would  have  to  ho  con- 
'^idi-red  in  improving  the  accur.jcy  of  existing  .ippri>x  i  mat  i  t»ns , 
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CORRELATED  ELECTRON  EFFECTS  IN  ELECTRON-TRANSFER  PROCESSES  FOR 
HIGHLY  CHARGED  ION-ATOM  COLLISIONS 

Lars  H.  ANDERSEN 

Institute  of  Physics,  University  of  Aarhus,  DK-8000  Aarhus  C,  Denmark 

Zero-degree  electron  spectroscopy  has  been  applied  to  collisions  between 
highly  charged  gold  ions  and  helium.  Experimental  evidence  for  the  neces¬ 
sity  of  taking  into  account  correlated  motion  of  two  electrons  in  double¬ 
electron-transfer  processes  is  presented.  Models  are  suggested  that  might 
explain  the  experimental  findings. 

1 .  INTRODUCTION . 

The  understanding  of  collisional  processes  involving  more  than  one  active 
electron  has  not  reached  the  same  level  as  that  of  single-electron  transitions. 
Since  the  study  of  escape  of  two  electrons  from  an  atom  by  electron  impact  just 
above  threshold' ,  the  interest  in  two-electron  correlations  has  been  increas¬ 
ing.  One  of  the  main  result  of  Wannier's  work  was  the  realization  of  the  neces¬ 
sity  of  taking  into  account  correlated  motion.  Wannier  showed  that  double  es¬ 
cape  near  threshold  requires  the  two  electrons  to  emerge  from  the  ion  in  oppo¬ 
site  directions.  Further,  during  the  escape  process,  r^  must  be  approximately 
equal  to  r^ ,  where  r^  (i=1,2)  is  the  distance  from  the  nucleus  to  the  i'th 
electron.  The  argument  is  as  follows:  If  r^  and  r^  differ  substantially,  then 
the  closer  electron  tends  to  screen  the  outer  one.  This  results  in  exchange  of 
energy  which,  in  turn,  increases  the  difference  between  r^  and  r^ .  For  suffici¬ 
ently  small  total  energies,  one  electron  will  eventually  be  captured,  and  only 
one  will  escape.  The  problem  of  correlated  two-electron  motion  at  low  energy 
has  been  successfully  treated  by  using  the  hyperspherical -coordinate  method^. 

The  present  paper  deals  with  collisions  between  highly  charged  gold  ions 
(charge  q)  and  helium.  The  velocity  of  the  projectile  V  is  comparable  to  or 
slightly  greater  than  the  orbital  velocity  of  a  Is  electron  in  He.  Focus  will 
be  put  on  collisional  processes  where  more  than  one  electron  is  involved,  in 
particular  two-electron  transfer  and  transfer  plus  ionization.  We  find  that 
transfer  plus  ionization  (TI)  for  q>10  can  be  accounted  for  by  double-electron 
transfer  followed  by  loss  of  one  electron  to  the  continuum  of  the  highly 
charged  ion.  We  believe  that  transfer  of  two  electrons  creates  a  strongly  cor¬ 
related  two-electron  state,  the  decay  of  which  causes  one  electron  to  be  emit¬ 
ted  into  the  continuum^ .  The  necessity  of  taking  into  account  the  correlated 
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notion  of  the  two  active  electrons  will  be  discussed. 

Throughout  this  work,  the  tern  transfer  ionization  (TI)  is  used  for  such 
collisional  processes  where  the  nunber  of  electrons  released  fron  the  target 
exceeds  the  nunber  captured  by  the  projectile.  Thus  TI  relates  to  the  final 
charge  states  of  the  projectile  and  the  target  long  after  the  collision.  We 
consider  the  following  TI  reaction: 


+  B  - 


+  e' 


+  AE 


(1) 


where  a  nultiply  charged  ion  has  captured  one  electron,  but  the  target  has 
lost  two  electrons.  AE  is  the  energy  gain  fron  the  electronic  rearrangenent . 
Note  that  in  the  definition  of  TI,  nothing  is  stated  about  the  nechanisn  re¬ 
sponsible  for  the  Tl-reaction. 

It  turns  out  that  the  collision  dynamics  depends  critically  upon  the  inpact 
velocity  of  the  projectile.  At  low  velocity,  the  charge-transfer  process  is  ex¬ 
pected  to  proceed  via  couplings  between  the  entrance  nolecular  orbital  for  the 
initially  neutral  target  and  the  charged  projectile  and  orbitals  relating  to 
the  finally  charged  particles.  In  principle,  TI  may  take  place  even  at  vanish¬ 
ing  collision  energy.  In  this  limit,  the  additional  ionization  of  the  target 
takes  place  at  the  expense  of  AE.  At  high  impact  velocity,  the  TI  contribution 
may  be  very  important  compared  to  that  for  capture  without  additional  ioniza¬ 
tion*  .  In  the  limit  of  high-impact  velocity,  only  few  attempts  have  been  nade 
to  describe  TI  theoretically.  The  basic  idea  has  been  to  apply  the  independent- 
particle  assumption*'^. 

Generally  speaking,  the  difficulty  of  treating  the  problem  of  transfer  and 
ionization  is  closely  connected  to  the  inportance  of  correlation  effects  which 
can  play  a  dominant  role  in  the  dynamics  of  these  processes.  Further,  the  mere 
existence  of  two  active  electrons  introduces  a  large  variety  of  collisional 
processes  which  are  absent  in  the  one-electron  case. 


2.  EXPERIMENTAL  UNCOVERING  OF  TI 

To  determine  the  total  transfer-ionization  cross  section,  it  is  necessary 
to  measure  simultaneously  the  amount  of  both  ionization  and  capture  that  takes 
place  in  a  collision.  This  can  be  done  by  analyzing  the  final  charge  state  of 
the  projectile  in  coincidence  with  the  final  ionization  stage  of  the  target. 
Our  knowledge  about  TI  has  increased  substantially  with  the  development  of  such 
coincidence  techniques.  An  experimental  arrangement  is  shown  schematically  in 
Fig.  1.  The  technique  has  been  applied  by  several  groups  (see,  e.g.,  Ref.  4,6). 
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Fig.  1.  Schematic  drawing  of  the  experimental  setup  used  to 
measure  partial  cross  sections” . 

The  results  of  charge-state  coincidence  measurements  are  normally  expressed 
through  the  partial  cross  sections  0°”^. ■  We  consider  here  the  collision  be¬ 
tween  20-MeV  Au*^*  and  He.  The  cross-section  notation  then  refers  to  the  reac¬ 
tion 

(20-HeV)  Au'*'^  +  He  ••  Au’  *  +  He"'^  +  (n-(q-q'))e'  (2) 

Figure  2  shows  the  partial  cross  sections  as  measured  by  Damsgaard  et  al.*.  The 
dominating  cross  section  is  o**'  .  which  is  the  single-electron-transfer  cross 
section.  At  high  values  of  the  projectile  charge  q,  it  is  seen  that  the  trans- 
fer-ionization  cross  section  ,  becomes  of  crucial  importance.  In  par- 
ticular,  we  note  that  the  other  cross  sections  for  loss  of  both  He  electrons 

and  _  are  lower  than  ,  by  more  than  an  order  of  magnitude  for 

q.q  q.q-2  q.q-i 

q>15. 

From  data  like  those  displayed  in  Fig.  2,  the  iinportance  of  TI  is  accentu¬ 
ated.  Further,  information  such  as  the  q  and  velocity  dependence  of  TI  can  be 
obtained.  However,  it  is  important  to  note  that  the  very  nature  of  TI  is  not 
revealed,  i.e.,  no  direct  information  about  the  mechanisms  that  lead  to  trans¬ 
fer  ionization  is  obtained. 

A  main  characteristic  of  TI  is  the  production  of  free  electrons.  Since  the 
different  mechanisms  leading  to  transfer  ionization  result  in  different  energy 
spectra  of  emitted  electrons,  useful  information  can  be  obtained  from  such 
spectra.  If  the  released  electrons  move  with  a  small  velocity  relative  to  the 
high-speed  projectile,  the  electrons  are  most  conveniently  detected  in  the  for- 
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Fig.  2.  Partial  cross  sections  as  a  function  of  q  for  20-MeV  . 

ward  direction  (0=0  )  due  to  the  small  laboratory  scattering  angle.  To  distin¬ 
guish  between  electrons  created  in  an  ionization  event  and  those  created  via 
transfer  ionization  ,  the  electrons  were  recorded  in  coincidence  with  the  final 
charge  state  of  the  projectile. 


Fig.  3.  Schematic  drawing  of  the  beam  line  together  with  the  target 
region  and  the  spectrometer. 

Figure  3  shows  a  schematic  drawing  of  the  experimental  set-up  used  in  the 
present  work.  The  beams  were  provided  by  the  Aarhus  EN-tandem  accelerator.  The 
energy-analyzed  beam  from  the  accelerator  was  post-stripped  by  a  thin  carbon 
foil,  and  the  desired  charge-state  component  was  selected  by  the  bending  magnet 
and  directed  toward  the  target  arrangement.  The  beam  was  cleaned  of  undesired 
charge-state  components  created  through  collisions  with  the  rest  gas  in  the 
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bean  line  by  a  3°  deflection  immediatly  before  the  interaction  with  the  target. 
Having  pasned  through  the  target-gas  cell,  the  beam  could  either  be  measured  in 
a  Faraday  cup  or  it  could  be  charge-state-analyzed  and  detected  by  a  channel- 
electron  multiplier.  An  electrostatic  trap  was  used  in  front  of  the  collision 
cell  to  strip  off  any  electrons  which  might  travel  along  with  the  ion  beam.  The 
acceptance  angle  of  the  spectrometer  was  3.4° .  The  spectrometer  was  a  30°  pa¬ 
rallel-plate  analyzer^ .  In  front  of  the  channeltron,  by  which  the  electrons 
were  detected,  two  high-transmission  grids  were  located.  To  prevent  slow  elec¬ 
trons  from  reaching  the  detector,  the  first  grid  was  held  at  a  small  negative 
potential.  The  second  grid  was  held  at  the  same  potential  as  the  detector  cone, 
ensuring  a  field-free  detection.  This  latter  potential  was  then  adjusted  in 
such  a  way  that  the  electrons  had  a  constant  impact  energy  of  about  300  eV  on 
the  detector;  this  ensured  a  constant  detection  efficiency. 

In  the  coincidence  measurements,  the  electrons  produced  the  start  pulses, 
and  the  charge-state-analyzed  ions  produced  the  stop  pulses  for  a  time-to-am- 
plitude  converter  (TAC) .  The  TAC  pulse-height  spectrum  was  recorded,  and  three 
spectra  were  recorded  as  a  funtion  of  laboratory  kinectic  energy;  (i)  The  ’to¬ 
tals"  spectrum  with  no  coincidence  requirements,  (ii)  the  ’reals’  spectrum 
which  registered  TAC/SCA  counts,  and  (iii)  the  ’accidentals’  TAC/SCA  spectrum. 
In  all  the  coincidence  measurements,  the  number  of  accidental  coincidences  was 
extremely  small. 

3.  RESULTS  AND  DISCUSSION. 

Electron  energy  spectra  were  measured  in  the  forward  direction  for  20-HeV 
Au^^  (5<q<19)  on  He,  for  20-«eV  Au'°'  on  H^  and  Ar,  and  for  45-HeV  and  72-MeV 
Au' ' *  on  He.  The  noncoincident  spectra  are  dominated  by  a  cusp  which  is  due  to 
different  electron  transfer  to  the  continuum  processes  ,  In  addition  to  the 
cusp,  some  autoionization  lines  may  be  observed  on  the  wings  of  the  cusp. 

Coincidence  measurements  were  performed  in  order  to  single  out  the  different 
contributions  to  the  totals  spectrum.  In  Fig.  4  are  shown  the  experimental  re¬ 
sults  for  20-MeV  Au'^*  on  He.  The  autoionization  lines  are  seen  in  the  17+-»17+ 
coincidence  channel.  Therefore  the  lines  are  due  to  the  reaction 

17*  1G***  *  17*  * 

Au  +  He  -  Au  +  He  -  Au  +  He  +  e  ,  (3) 

which  is  transfer  and  excitation  (TE).  The  positions  of  the  autoionization 
lines  vary  with  Au  charge  state,  but  they  are  independent  of  the  target* .  The 
identification  of  the  origin  of  the  doubly  excited  states  could  be  obscured  by 
a  possible  presence  of  metastable  ions  in  the  beam  because  single  capture 
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(without  excitation)  by  such  ions  night  lead  to  autoionization.  Since  the 
flight  time  from  the  poststripper  foil  to  the  target  is  more  than  2  psec  for 
20-MeV  gold  ions,  only  a  small  fraction  of  metastables  is  expected,  if  any.  To 


ENERGY  (LAB)/eV 


Fig.  4.  Double-differential 
cross  sections  in  the  labo¬ 
ratory  frame  as  a  function 
of  electron  energy  for  20- 
MeV  Au' ^  *  on  He .  Lines  are 
drawn  to  guide  the  eye. 


reveal  the  possible  presence  of  metastables,  the  beam  was  prepared  in  two  ways; 
by  foil  stripping  from  5+  to  15+  and  by  foil  stripping  to  16+,  followed  by  cap¬ 
ture  in  the  beam-line  rest  gas  to  15+.  Both  beams  gave  the  same  result,  and  it 
is  believed  that  metastable  contributions  are  insignificant.  For  details  about 
the  TE  process,  see  Ref.  8. 

We  now  turn  to  the  continuous  part  of  the  electron-energy  spectra.  Evidently 
the  cusp  from  a  noncoincidence  measurement  may  be  composed  of  several  contribu¬ 
tions.  To  characterize  the  cusps  cbserved  in  the  two  coincidence  channels  g+^qt 
and  q+-»(q-1)  +  ,  we  have  applied  an  expansion  method  in  which  the  general  scat¬ 
tering  amplitude  of  the  transfer  to  the  continuum  process  is  partial-wave  ex¬ 
panded.  The  method  has  been  used  to  characterize  cusp  shapes  for  a  number  of 

9  1  0 

collision  systems  ‘  .  In  the  rest  frame  of  the  projectile,  we  obtain 
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and  in  the  laboratory  frame 


2  g®  g^ 

'HqHe’l  =  ''l'^  +  ^  cos8'+b’+b|  cose') 


(5) 


In  Eq.  (4),  two  Legendre  polynonials  and  two  terms  in  the  Taylors  expansion  of 


Fig.  5.  The  two  spectra 
11+-11+  (ECO  and  15+-14+ 
(TI)  are  shown  together  with 
the  best  fit  obtained  with 
the  expansion  (4).  At  the 
top  of  the  figure,  the  two 
fits  are  compared. 


Bj  are  included  (Vj^  and  Vp  are  the  laboratory  and  the  projectile-frame  veloci¬ 
ties  in  au,  respectively,  B^  are  the  expansion  coefficients,  and  B’  is  the 
scattering  angle  in  the  rest  frame  of  the  projectile) .  The  singular  character 
of  the  cross  section  is  represented  by  the  terms  B°  and  B°.  The  terms  contain- 
ing  and  B^  have  an  s-wave  character,  while  the  two  terms  B°  cosB'  and 
B^cosB'  are  characteristic  of  a  p  wave.  By  integrating  the  differential  cross 
section  Eq.  (5),  including  the  spectrometer  transmission  function,  over  the  ex¬ 
perimental  acceptances  in  velocity  and  angle,  an  expression  is  obtained,  which 
can  be  fitted  to  the  experimental  data.  Thus  the  cusp  can  be  characterized  by 
the  expansion  coefficients  independent  of  the  experimental  apparatus  used. 
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The  continous  emission  observed  in  the  q+-»q+  coincidence  spectrum  is  due  to 
electron  capture  to  the  continuum  (ECC) .  The  continuous  emission  in  the 
q+-»(q-1)+  coincidence  spectrum  is  due  to  transfer  plus  ionization  (TI)  since  in 
this  case,  two  electrons  have  been  released  from  the  tarqet  of  which  one  ends 
up  in  a  projectile  bound  state  and  one  in  a  projectile  continuum  state. 

Inforiiiation  about  the  collision  dynamics  can  be  obtained  from  an  analysis  of 
the  cusp  shape.  To  examine  the  ECC  cusp  shape,  we  performed  a  fit  to  the  20-MeV 
Au* '  *  tHe-'Au"  *  coincidence  spectrum  since  in  that  case,  no  autoionization  lines 
were  observed.  We  found  that  to  get  a  satisfactory  fit,  "p  waves’  had  to  be  in¬ 
cluded  in  the  expansion,  Eq.  (5).  This  is  in  agreement  with  general  findings 
for  Ecc'°'”.  When  fitting  to  the  TI  cusp,  only  the  *s-wave’  component  of  the 
expansion  (Eq.  (5))  is  required  to  obtain  a  satisfactory  fit  to  the  experimen¬ 
tal  data.  Fits  to  an  ECC  cusp  (11+-»11+)  and  a  TI  cusp  (15+-»14+)  are  shown  in 
Fig.  5.  In  the  upper  part  of  the  figure,  the  two  fits  are  compared;  the  yield 
is  set  equal  at  the  cusp  center.  The  difference  between  the  ECC  cusp  and  the 
TI  cusp  becomes  more  pronounced  when  the  data  are  transformed  into  the  rest 
frame  of  the  projectile.  This  is  demonstrated  in  Fig.  6.  Also  the  expression 
(Eg.  (4)1  is  shown  for  the  two  fits  considered.  The  TI  cusp  is  found  to  be  sym- 


Fig.  6.  Double-differential 
cross  sections  in  the  rest 
frame  of  the  projectile  as  a 
function  of  electron  energy. 
The  experimental  data  for 
11+-»11+  and  15+-*14+  are 
shown.  Curves  calculated 
from  the  expression  (4)  are 
also  shown. 


metric  with  respect  to  zero  energy.  This  is  characteristic  for  the  "s-wave" 
contribution  (see  Eq.  (4)).  The  ECC  cusp,  on  the  other  hand,  shows  a  strong  a- 
symmetric  behaviour  with  a  discontinuity  at  zero  energy*^. 
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The  shape  of  the  TI  cusp  measured  in  the  coincidence  channel  qt-*(q-1)+  has 
been  studied  for  q  equal  to  7,  11,  15,  and  17  for  20  MeV  Au*^  on  He.  Figure  7 
shows  B°/B°  obtained  from  fits  to  the  data  as  a  function  of  q.  ^ 

measure  of  the  step  in  the  cross  section  at  Vp=0  and  is  related  to  the  asym¬ 
metry  of  the  cusp.  is  found  to  be  very  close  to  zero  for  the  values  of  q 

considered . 

In  Fig.  6  is  seen  the  variation  of  B°/B°  on  energy  of  the  projectile  for 

1  o 

Au' ’ '  on  He.  It  is  clearly  seen  that  the  TI  cusp  and  the  ECC  cusp  are  charac¬ 
terized  by  different  values  of  reflecting  the  different  cusp  shapes. 


E  (MeV/amu) 


Fig. 8.  as  a 
1  o 

function  of  energy  for 
Au  on  He.  Lines  are 
drawn  to  guide  the  eye. 


Two  possibilities  e.xi.st  for  the  origin  of  cusp  electrons.  The  electrons  may 
be  captured  from  the  target,  in  which  case  the  cusp  is  due  to  electron  capture 
to  the  continuum  (ECC).  Alternatively,  the  electrons  may  be  emitted  from  the 
projectile,  in  which  case  one  is  dealing  with  electron  loss  to  the  continuum 
(ELC).  ECC  gives  rise  to  an  asymmetric  cusp  with  an  enhanced  yield  on  the  low- 
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energy  side  ot  the  peak".  This  corresponds  to  a  negative  value  of  B°  (see 
Figs.  6  and  8).  ELC,  however  gives  rise  to  an  almost  symmetric  peak  .  The 
obtained  values  of  B°  as  well  as  the  observed  symmetry  of  the  electron 
distribution  of  the  TI  cusp  (Fig.  6)  favour  the  idea  that  the  TI  process  is 
closely  related  to  an  ELC  process. 

To  convert  the  yield  of  cusp  electrons  into  absolute  cross  sections,  we 
applied  the  procedure  previously  used  by  Vane  et  al.".  We  measured  the  yield 
of  ELC  electrons  for  (20-MeV)  Au^ * +Ke-»Au® * +He+e‘  .  In  this  particular  case,  the 
total-loss  cross  section  had  been  measured.  Comparing  the  yield  of  TI  and  ELC 
electrons  and  asuming  similar  cusp  shapes  enable  us  to  calculate  the  cross  sec¬ 
tion  for  TI  with  continuous  emission  of  low-energy  electrons.  We  find  that  to 
first  order,  the  entire  TI  cross  section  can  be  accounted  for  by  the  TI-cusp 
yield . 


20  MeV  Au*-'  •  He 
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Fig.  9.  Transfer  ionization 
cross  sections  as  a  function  of 
q.  The  experimental  data  are 
shown*  and  two  theoretical  ap¬ 
proaches  of  McDowell  and  Jan- 
ev* .  Lines  are  drawn  to  guide 
the  eye. 


The  total  TI  cross  section  for  20  MeV  Au'^^+He  has  recently  been  calculated 
by  McDowell  and  Janev* .  They  used  the  independent-particle  model,  and  total 
cross  sections  were  obtained  by  using  the  classical -trajectory  Monte-Carlo 
method.  In  this  model,  no  correlation  effects  were  taken  into  account.  In  Fig. 
9,  the  results  of  these  calculations  ate  compared  with  the  experimental 

C 

transfer-ionization  cross  sections  .  For  q<10,  the  predictions  of  the  independ¬ 
ent-particle  model  are  in  good  agreement  with  the  experimental  data.  For  higher 
charge  states  of  the  projectile,  however,  the  calculated  cross  sections  a  e 
much  too  small.  In  Fig.  9  are  also  shown  the  results  of  a  ''potential-b'rrier 
model’*  .  In  this  model,  TI  is  accounted  for  in  terms  of  transfer  of  two  elec¬ 
trons  to  a  doubly  excited  state  which  autoionizes  with  a  probability  lu.  For  w 

we  use  the  ratio  ,)  from  the  experimental  data*.  For  the 

1,'!-'  q.d-Z 

high  charge  states,  ui'951i.  Evidently,  these  simple  calculations  support  the 
double-transfer  +  autoionization  mechanism  for  higher  values  of  q. 
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The  experimental  findings  iiay  be  summarized  as  follows:  (i)  The  TI  process 
has  as  its  final  electron  state  one  projectile-bound  state  and  one  projectile- 
continuum  state,  (ii)  For  the  high  values  of  g,  the  TI  cusp  is  similar  to  an 
ELC  cusp,  (iii)  The  energy  distribution  of  the  emitted  electrons  is  flat. 
Further,  one  must  take  into  account  the  fact  the  total  TI  cross  section  is  much 
larger  than  the  double-capture  cross  section.  Also,  it  must  be  emphasized  that 
no  autoionization  lines  are  observed  as  a  result  of  double-electron  transfer. 

The  mechanism  for  TI  clearly  involves  two  electrons.  Based  on  the  shape  ana¬ 
lysis,  we  suggest  that  both  electrons  are  transferred  to  the  rest  frame  of  the 
projectile,  whereupon  one  is  lost  to  the  continuum  and  one  is  left  in  a  bound 
state.  We  present  two  models  in  which  two  different  loss  mechanisms  are  con¬ 
sidered.  In  the  first,  the  two  electrons  enter  a  highly  correlated  state,  the 
size  of  which  resembles  that  of  the  He  atom.  The  spatial  extension  of  the  two- 
electron  wave  packet  is  much  smaller  than  the  extension  of  the  wave  function 
for  two  corresponding  but  uncorrelated  electrons  on  the  projectile.  Therefore 
one  of  the  two  electrons  is  immediately  emitted  into  the  continuum  (see  Fig. 
10).  Due  to  the  short  lifetime  of  such  a  highly  excited  and  correlated  state, 
the  energy  spectrum  of  the  emitted  electrons  is  continuous.  The  high  pro¬ 
bability  for  electron  emission  after  double-electron  transfer  causes  the  very 
small  double-capture  cross  section. 


Inspired  by  the  flatness  of  the  electron  distribution,  another  model  is  sug¬ 
gested.  In  this  model,  it  is  emphasized  that  the  flatness  of  the  distribution 
suggests  that  the  release  process  is  similar  to  the  so-called  "Wannier"  ioniza¬ 
tion  process  near  threshold^ .  The  electrons  share  the  total  available  energy  in 
the  Wannier  state  (see  Fig.  11).  In  this  picture,  the  electron  correlation  re¬ 
sults  in  a  state  where  the  electrons  are  located  at  opposite  sides  of  the  gold 
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core  and  move  apart  along  a  line.  Since  both  electrons  cannot  be  ionized,  fi¬ 
nally  one  electron  moves  toward  the  nucleus,  transferring  energy  to  the  other 
one,  which  becomes  ionized.  Numerical  calculations  on  this  problem  have  recent- 


In  both  models  suggested,  the  electron  correlation  plays  a  crucial  role. 
However,  it  should  be  emphasized  that  theoretical  calculations  are  very  much 
needed  in  order  to  uncover  the  underlying  physics. 
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1.  INTRODUCTION 

In  the  last  few  years  a  growing  interest  has  been  shown  for  atomic 
processes  occuring  during  a  nuclear  reaction  in  connection  with  the  possibility 
of  measuring  very  short  nuclear  lifetimes(l).  The  observation  of  Compound 
nucleus  x-rays  has  been  evidenced  in  reactions  induced  by  protons  on  medium 
weight  targets  "’®Cd  (2),  *'^Sn  (3).  In  these  experiments,  the  decay  of  a 

vacancy  created  by  the  Coulomb  interaction  between  the  charged  projectile  and 
a  K'shell  electron  of  the  target  is  observed  during  the  short,  but  finite 
lifetime  of  the  Compound  nucleus  (CN)  formed  in  the  reaction. 

Compound  nucleus  x-rays  emitted  in  heavy  iuii  induced  nuclear  reactions 
have  been  searched  for  in  the  last  few  years  (d-6).  In  this  case  two 
difficulties  must  be  faced.  First,  the  lifetime  of  the  CN  becomes  very  short 
due  to  the  large  excitation  energy  of  the  system.  In  order  to  reduce  the 
excitation  energy  of  the  CN,  while  keeping  a  significant  fusion  reaction  cross- 
section,  symmetric  collision  systems  appear  to  be  more  appropriate.  Then,  the 
second  difficulty  arises  to  evaluate  the  probability  for  creating  a  vacancy  in 
the  K*shell  of  the  CN.  In  symmetric  collisions  between  medium  weight  atoms, 
the  main  part  of  the  excitation  of  the  K-shell  partners  at  the  end  of  the 
collision  is  due  to  2pTt-2po  rotational-coupling  combined  with  a  sharing  of  the 
vacancies  between  the  nearly  degenerate  Iso  and  2po  molecular  orbitals  in  the 
second  half  of  the  collision.  In  the  case  of  a  fusion  evaporation  nuclear 
reaction,  the  rotational-coupling  matrix  element  vanishes,  and  the  second  part 
of  the  collision  does  not  exist,  since  the  united  atom  is  also  the  final  state 
of  the  system  (except  for  the  evaporation  of  a  few  nucleons).  The  only  active 
mechanism  which  can  create  a  vacancy  in  the  K-shell  of  the  CN  is  then  a  direct 
excitation  (ionization)  of  the  1S'-  molecular  orbital  formed  on  the  way  into  the 
nuclear  reaction.  Evidently,  in  Coulombic  collisions,  both  mechanisms 
contribute  to  the  vacancy  formation  at  the  end  of  the  collision  but  the 
molecular  2po  mechanism  dominates  so  much  over  the  direct  Iso  process  that 
even  in  accurate  measurements  of  the  dependence  of  the  vacancy  production  on 
the  scattering  angle,  the  contribution  of  the  latter  cannot  be  extracted. 

As  a  consequence,  for  heavy  ion  induced  reactions,  the  comparison  between 
the  probability  for  making  a  vacancy  in  a  pure  Coulombic  collision  and  the 
value  of  th^^ excitation  probability  of  the  Iso  MO  on  the  way  into  the  nuclear 
reaction  P  isn  is  meaningless. 

We  show  in  this  paper  that  the  observation  of  the  x-rays  emitted  in 
nuclear  fusion  reactions  gives  a  n.uqut;  opportunity  to  measure  the  probability 
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Coe  creating  a  vacancy  in  the  Iso  molecular  orbital  by  a  direct  mechanism.  It 
also  gives  the  contribution  of  the  direct  process  to  the  vacancy  production  in 
the  K'shell  of  the  collision  partners. 

In  the  first  part  of  the  paper  we  outline  the  basic  principles  of  the 
experiment.  The  experimental  details  are  given  in  the  second  part.  Then  we 
compare  the  experimental  results  to  theoretical  predictions. 

2.  PRINCIPLE  OF  THE  EXPERIMENT 

We  have  chosen  to  investigate  the  ^“Ni  *  *“Fe  collision  system.  The  energy 
of  the  beam  was  238  MeV  in  the  laboratory  system.  At  this  energy,  the  Ni  beam 
may  induce  complete  fusion  nuclear  reactions,  leading  to  a  highly  excited 
Compound  Nucleus  (CN)  of  “^Xe.  The  CN  will  subsequently  decay  by  emission  of 
light  particles.  During  the  approach  of  the  collision  partners,  the  time 
varying  Coulomb  field  may  also  produce  ionization  of  the  inner  shells  of  the 
projectile  and/or  target.  In  the  following  we  will  only  select  the  collisions 
in  which  nuclear  and  atomic  excitations  take  place  simultaneously.  This  is 
achieved  by  observing  the  x*rays  emitted  in  the  collision  in  coincidence  with  a 
reaction  product.  The  x-rays  have  two  different  origins.  They  may  come  from 
the  filling  of  K-vacancies  created  on  the  way  into  the  nuclear  reaction.  We 
call  these  atomic  x-rays  (AT  x-rays)  in  the  following,  imission  of  x-rays  .r,a> 
also  follow  the  decay  by  internal  conversion  of  tlie  evaporation  residues.  K'e 
call  those  nuclcui'  x-rays  (IC  x-rays).  In  order  to  understand  how  we  separate 
these  two  x-ray  components  we  successively  investigate  the  collision  \i  +  Fe, 
from  a  nuclear  and  an  atomic  point  of  view. 

2.1.  Nuclear  Aspects  of  the  Collision. 

The  CN  is  formed  at  a  mean  excitation  energy  of  5*1  MeV,  in  different  spin 
states  up  to  a  maximum  value  Jpg  =  53 -li. 

Due  to  the  very  neutron  deficient  structure  of  the  "*Xe,  the  CN  will  decay 
essentially  by  emission  of  protons  and  alpha  particles  (7)  wliich  will  be 
followed  by  emission  of  Y  rays.  The  evolution  of  excitation  energy  and 
angular  momentum  of  the  system  during  the  de-excitation  of  the  CN  is 
Illustrated  in  Figure  1  for  a  particular  de-excitation  channel:  “'Xe  -  i|p  ♦ 
'°®Sn.  Particles  are  evaporated  first,  down  to  a  point  in  the  E*  -J  plane  for 


FIGURE  1 

Schematic  representation  of  the  de- 
excitation  of  “‘Xe  in  the  4p 
channel.  The  variation  of  the 
excitation  energy  E*  of  the  system 
is  given  versus  the  spin  J  during 
the  decay  of  the  CN.  The  dashed 
line  corresponds  to  the  different 
states  of  the  CN  formation.  The 
yrast  tine  cot,. csporids  to  the  -tnt-c 
of  minimum  E*  for  a  given  spin  J. 
The  heavy  and  light  arrows  show 
the  evolution  of  the  system  by 
particle  em'..jUiori  and  Y-ray 
emission  down  the  ground  state  of 
the  final  nucleus  '“'Sn. 
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which  the  remaining  excitation  energy  above  the  yrast  line  is  smaller  than  the 
energy  required  by  the  next  particle  to  be  evaporated.  The  residual  nucleus 
will  then  continue  to  de-excite  by  emission  of  statistical  Y  rays,  followed  by 
a  cascade  of  stretched  E2  transitions(8).  A  particular  reaction  channel  lcadir.g 
to  a  given  evaporation  residue  (b'R),  can  be  identified  by  the  detection  of  a 
few  Y  rays  emitted  in  the  last  transitions  before  reaching  the  ER  ground 
state. 

The  formation  of  a  '°“Sn  residual  nucleus  formed  in  the  collision  can  be 
signaled  by  the  observation  of  one  of  the  Y  rays  at  1206  keV,  1196  keV,  905 
keV,  25H  keV  17).  Nevertheless,  a  transition  between  two  states  of  the  ‘°‘Sn 
excited  nucleus  may  also  occur  by  an  Internal  conversion  process  (IC),  In  this 
process,  a  vacancy  is  created  in  an  atomic  shell  of  the  ‘°“Sn.  This  vacancy 
will  decay  subsequently  with  the  emission  of  an  x-ray  characteristic  of  the 
nuclear  charge  of  the  ER.  For  a  given  transition,  the  ratio  between  the 
number  of  vacancies  created  in  a  given  shell  and  the  number  of  emitted  Y  rays 
defines  the  Internal  conversion  coefficient  for  the  correspxmdlng  atomic  shell. 
The  value  of  the  IC  coefficient  varies  strongly  with  the  multipolarity  and  the 
energy  of  the  transition.  For  example,  the  IC  coefficients  in  the  K-shell  of 
Sn  are  respectively  equal  to  5.6  x  10'^  for  the  25‘<  keV  and  7  x  10“^  for  the 
1206  keV  Y  ray.  Such  charactei istlc  IC  x-rays  are  in  coincidence  with  the 
other  Y  rays  used  to  sign  the  formation  of  one  given  ER. 

2.2.  Atomic  Aspects  of  the  Collision 

From  an  atomic  point  of  view,  the  ratio  of  the  projectile  velocity  v  to  the 
K-ohell  electron  velocity  in  the  collision  partners  vk,  places  the  collision  in 
the  molecular  regime  v/vg  -  O.US.  In  this  condition  the  binding  energy  of  the 
inner  most  electrons  of  the  target  and  projectile  will  evolve  during  the 
collision  from  the  binding  energy  in  the  separated  atoms  up  to  the  binding 
energy  of  a  K-shell  electron  in  the  united  atom  of  Xe.  The  main  difference 
between  collisions  inducing  nuclear  reactions  and  usual  atomic  collisions  at 
the  same  energy  is  that  the  united  atom  is  actually  formed  in  fusion  reactions 
while  it  is  only  a  transient  situation  in  the  atomic  collisions. 

Once  formed,  the  CN  decays  by  emission  of  a  few  light  particles,  which, 
from  the  electronic  point  of  view,  is  only  a  small  perturbation,  so  that  the 
atomic  system  appears  to  be  fixed  after  the  formation  of  the  united  atom.  The 


FIGURE  2 

Correlation  diagram  of  the  collision  ’’Ni  +  ’“Fe.  The  dashed  line  represents 
the  evolution  of  the  binding  energy  of  the  inner  electrons  in  the  case  of  a 
Coulombic  collision,  and  the  solid  lines  represent  a  collision  whsre  a  con’pound 
nudes  t'.,at  Suuoequentiy  emits  9  protons. 
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correlation  diagram  of  the  collision,  shown  in  Fig.  2,  illustrates  the 
comparison  between  an  atomic  collision  in  which  the  system  will  continue  to 
evolve  from  the  UA  atom  to  the  separated  atoms  in  the  second  half  of  the 
collision  and  a  fusion-evaporation  nuclear  collision.  This  correlation  diagram 
corresponds  to  the  Ap  channel.  The  orbital  energies  have  been  calculated  with 
hydrogenic  wave  functions  (9).  The  atomic  collision,  Ni  -  Fe,  at  the  energy  of 
230  MeV,  has  been  investigated  in  detail  by  Chetloui  and  Rozet  (10).  The 
authors  have  measured  a  cross  section  for  the  production  of  K  x-rays  equal  to 
0.9  X  10'19cm2.  They  also  measured  an  equilibrium  thickness  for  projectile  L 
vacancies  equal  to  20  pg/cm^.  From  the  observed  shift  in  the  energy  of  the  Ka 
x-rays  of  Ni,  they  have  deduced  a  mean  number  of  vacancies  in  the  L-shell, 
ffljp,  equal  to  3.9.  Assuming  a  statistical  sharing  of  the  Ni  L  vacancies  in  the 
collision  between  the  2pir  and  3do  MO,  they  found  good  agreement  between  the 
experimental  K  x-ray  emission  cross  section  and  the  theoretical  x-ray  cross 
section  calculated  in  the  framework  of  the  rotational  coupling  between  the  2piT 
and  2pa  MO  followed  by  vacancy  sharing  between  the  2po  and  the  Iso  MO. 

From  Figures  1  and  2,  it  is  clear  that  a  vacancy  which  has  been  created  in 
the  approach  of  the  nuclear  reaction  may  decay  at  different  stages  of  the  CN 
de-excitation. The  actual  atomic  number  of  the  nuclear  reaction  product  at  the 
moment  of  the  filling  of  the  vacancy  depends  on  the  relative  lifetimes  of  the 
nuclear  states  and  on  the  mean  lifetime  of  the  vacancy  (1),(2)  .  For  a  Xg  atom, 
the  mean  lifetime  of  a  K-shell  vacancy  is  of  the  order  of  tk  =  5  x  lO's. 
Consequently,  in  coincidence  with  a  particular  Y-ray  transition,  we  can,  in 
principle,  observe  the  characteristic  x-rays  of  the  CN  or  the  characteristic  x- 
rays  of  all  the  intermediate  states  formed  in  the  sequential  decay  or  the 
characteristic  x-rays  of  the  final  evaporation  residue.  If  we  assume  that  tk 
is  larger  than  the  mean  lifetimes  of  the  CN  and  of  the  intermediate  states 
involved  in  the  de-excitation  of  the  CN  by  charged  particles,  it  is  seen  that 
the  vacancy  will  mainly  decay  in  the  final  state.  For  example,  if  we  follow 
the  4p  chahhel,  in  coincidence  with  one  of  the  ‘”“Sn  Y  rays,  we  will  mainly 
observe  Sn  AT  x-rays.  Nevertheless,  we  remark,  that  these  AT  x-rays  are 
emitted  within  a  very  short  time  after  CN  formation  so  that  the  ER  nucleus  is 
still  moving  in  the  target  with  the  full  recoil  velocity.  The  energy  of  the  AT 
x-rays  will  be  affected  by  a  strong  Doppler  effect.  The  resulting  Doppler 
shift  energy  will  be  maximum  if  the  x-rays  are  observed  along  the  direction  of 
the  recoiling  nucleus  which  is  zero  degree  with  respect  to  the  beam  direction. 

This  Doppler  shift  energy  difference  can  be  used  to  discriminate  between  IC 
x-rays  and  AT  x-rays  emitted  in  the  same  final  state  of  the  nuclear  reaction 
(12)  . 

As  mentioned  above,  IC  x-rays  are  emitted  in  competition  with  Y  rays  in  the 
ultimate  state  of  de-excitation  of  the  ER  formed  in  the  nuclear  reaction.  The 
decay  rate  of  an  electromagnetic  E2  transition  can  be  evaluated  from  (11) 

A  =  7.9  x  107  a  a1-33  E.J  (1) 

where  A  is  the  mass  in  AMU  of  the  ER,  Ey  is  the  energy  of  the  transition,  and 
a  is  an  enhancement  factor  which  is  introduced  to  account  for  the  strongly 
collective  character  of  the  stretched  E2  transitions  emitted  in  the  gamma 
casoade(8).  The  parameter  a  is  very  dependent  of  the  nuclear  structure. 

Since  the  IC  coefficient  becomes  larger  as  the  energy  of  the  transition 
becomes  smaller,  it  is  seen  from  relation  1,  that  strongly  converted 
transitions  are  also  long  delayed  transitions.  A  consequence  is  that  the  ER's 
formed  have  enough  time  to  be  completely  (or  partially)  slowed  down  before 
the  emission  of  the  radiation.  The  energy  of  the  characteristic  x-rays 
following  the  IC  process  will  not  be  affected  by  a  Doppler  effect. 

ine  principle  of  the  experiment  ctin  be  summarized  as  follows.  We  shall 
identify  a  particular  ER  formed  in  the  reaction  Ni  ♦  Fe  by  one  discrete  Y-ray 
corresponding  to  a  particular  transition  in  a  particular  nucleus.  The  x-rays 
will  be  detected  in  coincidence  with  the  Y  rays  in  the  direction  of  the  recoil 
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of  the  ER,  which  corresponds  to  the  incident  direction  of  the  beam.  The 
difference  in  the  energy  of  the  x-rays,  due  to  different  Doppler  effects,  will 
enable  the  discrimination  between  IC  x-rays  and  AT  x-rays  in  the  same  final 
nucleus.  A  similar  method  based  on  the  Doppler  shift  to  discriminate  between 
IC  and  AT  x-rays  has  also  be'^n  used  by  Bosch  et  al‘^  to  discriminate  between 
On  AT  x-rays  and  Cm  IC  x-rays  following  Coulomb  excitation  of  ^‘••Cm  in  the 
collision  ^“"Pb  +  ’"“Cm 

3.  EXPERIMENTAL  RESULTS 

The  experimental  set  up  is  schematically  drawn  In  Fig.  3.  The  Y  rays 
emitted  in  the  reaction  are  detected  by  six  201 -efficient,  Intrinsic-Ge  Y  ray 
detectors  surrounding  the  target.  The  resolution  of  the  detectors  was  of  the 
order  of  2  keV.  The  use  of  several  Ge  detectors  was  necessary  to  increase  the 
detection  efficient  of  the  system.  The  x-rays  were  detected  by  a  200-mm^ 
oi(Li)  detector  at  0“.  The  active  tiiickness  of  the  detector  was  5  ram.  The 
detector  was  mounted  as  shown  in  Fig.  3,  in  the  direction  of  the  beam. 

Coincident  events  between  the  Sl(Li)  detector  and  each  Ge  detector  were 
detected  within  a  250  ns  time  window  by  a  fast  coincidence  module.  The  time 
difference  between  the  fast  x-rays  and  fast  Y-ray  signals  was  also  analyzed 
separately  by  6  time  to  digital  convertors  (TDC).  In  addition,  a  time  spectrum 
between  the  Ge  detectors  and  the  high  frequency  signal  of  the  cyclotron, 
called  THF  In  the  following,  was  also  recorded  in  order  to  make  the  difference 
between  prompt  and  delayed  events.  The  FVJHM  of  the  THF  spectrum  was  30  ns. 
For  each  coincident  event,  the  linear  signals  and  the  timing  information  were 
stored  on  magnetic  tape  and  subsequently  ancilyzed  off-line.  The  dead  time  of 
the  acquisition  system  was  measured  with  a  pulse  generator.  The  direct 
spectrum  of  one  of  the  6  Ge  detectors  was  also  recorded  on  tape. 

The  target  was  1  mg/ cm2,  99  j  enriched  54pe  mounted  on  a  12-mg/om2  Ta 
backing.  The  beam  was  stopped  behind  the  target  in  a  7-mg/cm2  Ti  foil.  This 
mounting  enables  the  beam  to  be  stopped  avoiding  nuclear  reactions  except  for 
nuclear  Coulomb  excitation  in  the  beam  catcher.  It  also  allows  us  to  mount 
the  Si(Li)  detector  1  cm  away  from  the  target.  The  Fe  and  Ni  K  x-rays  and  the 
Ta  L  x-rays  where  absorbed  by  Al  and  Ni  foils  placed  in  front  of  the  Si(Li) 


FIGURE  3 
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detector. 

We  kept  the  counting  rate  in  the  x-ray  detector  below  3000  counts  per 
second.  A  higher  counting  rate  destroys  the  resolution  in  the  x-ray  spectrum. 
In  such  conditions  the  FWHM  resolution  of  the  Ka  x-ray  lines  was  equal  to  ^400 
eV. 

Figure  A  shows  the  x-ray  spectrum  coincident  with  all  Y~rays  detected  in 
one  Ge  detector.  Part  of  the  radioactive  events  have  been  eliminated.  We 
noticed  the  presence  of  Ka  and  KB  x-ray  lines  corresponding  to  the  following 
nuclei:  Cd,  In,  Sn,  Sb.  It  is  seen  that  the  resolution  of  the  detector  enables 
a  clean  separation  between  the  different  x-ray  energies.  The  different 
transitions  correspond  to  different  decay  channels  of  the  CN.  Nevertheless,  a 
given  x-ray  energy,  may  be  connected  to: 

-  an  IC  process  in  one  ER  whose  atomic  number  is  equal  to  Z 

-  a  fully  Doppler  shifted  AT  x-ray  decaying  in  a  (Z-1)  final  state  (v/c  - 

0.0il3) 

-  a  K8  transition  following  IC  taking  place  in  a  (Z-3)  ER. 

This  ambiguity  can  be  resolved  if  we  select  one  particular  evaporation 
residue.  The  selection  is  achieved  by  gating  the  x-ray  spectrum  by  some  gamma 
transitions  in  a  particular  product  nucleus. 

The  Y-ray  spectrum  shown  in  Fig.  5  corresponds  to  coincident  events 
recorded  in  one  Ge  detector  during  the  active  part  of  the  source  cycle.  All 
but  some  Y-rays  have  been  attributed  to  some  final  nucleus.  We  will  focus  our 
attention  on  the  following  lines  corresponding  to  the  de-excitation  of  '°®Sn: 
1206  keV,  006  keV,  1196  keV,  25*4  keV.  Other  transitions  at  6l6  keV,  11*41  keV 
in  '°°Sn  have  also  been  identified.  Gamma  rays  correponding  to  the  de- 
exciatjon  of  Sb  isotopes  are  also  seen  in  the  spectrum. 

For  each  Y-ray  the  following  x-ray  spectra  have  been  sorted: 

a)  A  spectrum  of  prompt  x-rays  in  coincidence  with  Y-rays  whose 
energy  corresponds  to  one  of  the  above  mentioned  transitions.  The  energy 
windows  selected  on  the  Y-ray  energy  spectrum  were  set  as  narrow  as  possible. 
Prompt  events  are  selected  by  a  gating  condition  placed  on  the  peak  in  the  TKF 
spectrum.  A  condition  was  also  set  on  the  peak  in  the  TDC  spectrum. 

b)  The  spectrum  of  prompt  x-rays  defined  by  the  same  gating 
conditions  on  the  Y  spectrum  and  THF  spectrum  but  corresponding  to  a  window 
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FIGUW;  4 

X-ray  spectrum  recorded  in  coincidence  with  y-rays.  Ta  x  rays  are  in  coin¬ 
cidence  with  the  Ta  y  rays  produced  by  Coulomb  excitation. 
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set  on  the  flat  part  (random)  of  the  TDC  spectrum.  The  spectrum  b)  was  then 
substracted  from  the  spectrum  a)  to  give  a  true  coincidence  x-ray  spectrum. 

In  tiiis  spectrum  part  of  the  counts  are  due  to  Compton  events  in  the  Y-ray 
detector  arising  from  nuclear  transitions  whose  energy  is  larger  than  the 
considered  transition.  Such  Compton  events  are  not  necessarily  connected  with 
the  same  final  state  as  the  analyzed  transitions. 

c)  An  x-ray  spectrum  corresponding  to  prompt  events  in  coincidence 

with  Y-ray  background  taken  separately  on  the  left  side  and  the  right  side  of 
the  photopeak.  The  windows  used  to  define  the  background  have  the  same  width 

as  the  peak  window.  The  same  gating  condition  on  the  TDC  spectrum  as  the  one 

defined  in  spectrum  a)  was  set  to  obtain  a  true  plus  random  coincidence 
spectrum. 

d)  A  random  coincidence  spectrum,  as  defined  in  b),  but  for  the  Y 

background.  The  difference  between  spectra  c)  and  d)  gives  a  spectrum  of  true 

events  associated  to  the  Y  background.  In  order  to  check  the  procedure  we 
systematically  verified  that  the  difference  between  the  left  side  background 
and  the  right  side  background  was  in  the  TDC  spectrum  flat  and  free  of 
structure. 

Finally,  a  net  coincidence  spectrum  was  obtained  by  taking  the  difference 
between  the  true  coincidence  spectra  associated  respectively  to  the  photopeak 
window  and  the  background  window. 

RF.SULTS  AND  INTERPRETATION 

The  x-ray  spectrum  in  coincidence  with  the  905  keV,  1196  keV  and  1206  keV 
Y-rays  following  the  de-excitatior.  of  the  '°*Sn  residual  nuclei  is  shown  in 
Fig.  6. 

Two  peaks  are  clearly  seen  in  this  spectrum  which  are  labelled  A  and  B. 
The  energy  of  peak  A,  which  is  exacly  25.3  keV,  corresponds  to  the  etiergy  of 
the  Sn  Ka  transition  when  emitted  by  an  atom  at  rest.  From  the  discussion 
above  this  line  is  associated  with  the  de-excitation  by  Internal  Conversion  of 
the  '““Sn  ER. 

The  measured  energy  of  the  second  is  equal  to  26.3  keV.  This  energy 
corresponds  exactly  to  the  energy  of  a  Sn  Ka  x-ray  emitted  by  a  Sn  atom 
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FIGURE  5 

Coincident  Y-ray  spectram.  The  large  intensity  peaks  at  low  energy  are  due  to 
Coulomb  excitation  of  the  Ta  backing. 


384 


J  l  \  Clictiiiii  ct  al 


having  the  full  recoil  velocity  v/c  =  0.043.  We  demonstrated  above  that  the 
decay  of  an  atomic  vacancy  made  on  the  way  into  the  nuclear  reaction  should 
have  such  an  energy.  The  same  shape  was  found  for  the  x-ray  spectra  in 
coincidence  with  each  of  the  three  Y-rays.  This  rules  out  the  possibility  that 
the  second  peak  is  caused  by  the  IC  of  a  transition  which  has  the  same  energy 
as  one  of  the  three  analyzed  transitions  in  '“‘Sn  but  in  some  .'lb  isotope. 

The  number  of  ^^T  x-rays  detected  in  coincidence  with  the  T-rays  is  given 
as  a  function  of  P  isg  by: 

p‘4o  R  (21 

where  Ny  is  the  number  of  detected  Y-rays,  f2/4ii  la  the  relative  solid  angle 
subtended  by  the  x-ray  detector,  e  is  the  detection  efficiency  of  t.he  x-ray 
detector  at  the  energy  of  AT  x-rays,  R  Is  the  ratio  of  Ka  to  (Ku  +  KB)  x- 
rays,  Tm  is  the  live  time  of  the  acquisition  system  and  yy  is  the  fluorescence 
yield.  The  number  Ny  is  deduced  from  the  intensity  of  the  analysed  Y 
transitions  in  the  spectrum  of  single  events.  The  absolute  values  of  eQ  have 
been  measured  with  radioactive  sources.  We  have  taken  for  H  and  yy  the  usual 
values  corresponding  to  a  3n  atom. 

The  number  of  Doppler  shifted  x-rays  deduced  by  a  curve  fitting  a.-ialysis 
of  the  spectrum  in  Fig.  6  leads  to  a  value  of  the  number  of  vacancies  made  per 
nuclear  reaction  in  the  Iso  molecular  orbital:  P^gg  ’  (2.9  *  0.3)  x  10*^ 
Another  method  to  deduce  the  value  of  P  jsg  based  on  the  relative  Intensities 
of  '.ihe  IC, x-ray  peak  and  the  AT  x-ray  peak  is  given  elsewhere  (22)  leading  to  a 
value:  pYso  =  (3.1  i  0.6)  x  10*^ 

Within  the  statistical  fluctuations  attached  to  the  data  points  in  Fig.  6, 
the  assumption  that  all  the  atomic  vacancies  are  filled  a-'ler  the  emission  of 
the  4  protons  appears  Justified.  Nevertheless,  experiments  with  better 
.statistics  and  inclu.ding  a  selection  on  the  spin  of  the  ER  may  slightly  modify 
this  picture.  We  believe  that  the  error  on  the  Iso  value  accounts  for  this 
effect. 

The  value  of  Pjsg  can  be  compared  with  theoretical  predictions  given  by 
diff erent  atomic  models. 


FIGURi;  () 

Net  x-ray  spectrum  in  coincidence  with  DOS  keV  +  11%  keV  +  1206  keV  transi¬ 
tions  in  11'°Sn. 
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We  will  first  consider  a  double  collision  mechanism.  In  a  first  collision 
a  projectile  K'Shell  vacancy  is  formed.  The  dominant  mechanism  for  the 
creation  of  this  vacancy  is  by  excitation  of  electrons  from  the  2po  MO  which 
is  later  transferred  by  radial  coupling  to  the  Iso  MO  on  the  way  out  of  the 
collision.  Such  interactions  take  place  at  large  Internuclear  distances  so 
that  the  projectile  motion  is  only  slightly  disturbed.  Some  of  the  vacancies 
created  in  the  first  collision  may  survive  to  enter  the  Iso  MO  in  a  secor.'^ 
collision  at  zero  impact  parameter  inducing  the  nuclear  reation^  The  number 
of  surviving  vacancies,  Ng  has  the  same  interpretation  as  the  P  isq  measured  in 
this  experiment:  Ng  is  given  by  (13) 


Nk 


(3) 


where  ospo  is  the  2po  vacancy  production  cross  section,  n  is  the  target  atomic 
density,  v  is  the  projectile  velocity,  \p  is  the  decay  rate  of  projectile  K- 
shell  vacancies  and  W  is  the  probability  that  the  2po  vacancy  will  be 
transferred  to  the  projectile  K*sheU  at  the  end  of  the  first  collision,  and 
into  the  Iso  in  the  second  . 

To  evaluate  Nf(,  we  can  use  the  values  of  02po  measured  by  Ohetioui  et  al 
(10)  in  the  system  fe  +  Ni  at  200  MeV  and  the^sharing  probability,  W  =  0.33, 
found  in  good  agreement  with  theoretical  calculations.  The  lifetime  of  a  Mi 
vacancy  in  an  unperturbed  atom  is  equal  to  2  x  10*“  s.  Introducing  these 
values  in  Eq.3  leads  to  a  number  Ng  =  I.5  x  10*’. 

The  value  of  \p  given  above  can  be  affected  by  the  presence  of  vacancies 
in  the  L  and  M  shells  of  the  projectile  at  the  end  of  the  collision.  Ciietioui 
et  al  have  measured  a  mean  number  of  2p  vacancies  in  the  projectile  equal  to 
ii.  Statistical  considerations  show  that  the  mean  lifetime  of  a  K*shell 
vacancy  can  be  double  so  that  the  above  value  of  Xp  may  also  be  enhanced  by  a 
factor  of  two.  Nevertheless,  a  very  large  discrepancy,  of  the  craei  of  one 
order  of  m^^itude,  remains  between  the  estimated  value  and  the  measured 
value  of  P  Iso-  Consequently,  we  must  ccnclude  that,  at  this  energy,  the  double 
mechanism  cannot  explain  by  itself  the  numbe"  of  vacancies  found  in  the  Iso 
MO. 

In  the  investigation  of  the  number  of  vacancies  made  in  a  single  collision, 
two  different  processes  mijst  be  considered.  We  will  first  analyze  the 
excitation  of  the  K-shell  of  the  CN  and  of  the  subsequent  ER  by  the  sequential 
evaporation  of  charged  particles.  Secondly,  we  will  investigate  the  direct 
excitation  of  the  Iso  MO  on  the  way  into  the  nuclear  reaction. 

in  the  Hi  ♦  Fe  system,  the  calculated  mean  energy  of  the  evaporated 
protons  Is  equal  to  6  MeV  and  the  particle  energy  ranges  between  2  MeV  and  20 
MeV.  Using  a  -traight  line,  nonrel ativistic  version  of  the  SCA  code  (.4),  we 
have  calculated  the  probability  for  making  a  vacancy  in  the  K-shell  of  a  Xe 
atom  in  a  zero  impact  parameter  collision  induced  by  protons  with  energies 
ranging  between  2  MeV  .and  20  MeV.  The  ionization  probability  for  each  prrton 
energy  was  then  folded  with  the  energy  distribution  of  the  particles  to  obtain 
a  mean  ionization  probability  by  emitted  proton  Ig.  result  was  then 

multiplied  by  four  to  account  for  the  pe-tlcle  multiplicity  in  the  considered 
reaction  channel.  This  procedure  leads  to  a  result  Iq  =  ,10*',  which  is  one 
order  of  magnitude  smali^^  than  the  measured  value  of  P'lsV 

The  calculation  of  P  corresponding  to  the  ionizcicion  of  the  Iso  MO  on 
the  way  into  the  collision  can  be  made  in  the  framework  of  a  semiclasslcal 
approximation  since  in  heavy-ion  induced  collisions,  the  relative  motion  of  the 
nuclei  can  be  treated  classically.  In  a  one  collision  process,  P^g;,  is 
obtained  from  the  time  dependent  amplitude  aigp(t)  for  exciting  the  Iso 
electron  to  a  continuum  state  with  energy  e  and  angular  quantum  number  im 
(15). 
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3  SC'* 


ft 

=  -If  R  Te^mCR)  exp[i  /(E^g^(f -)*£)df  V-fi  ]  (i), 

where  r£j.m(R)  is  the  radial  coupling  matrix  element  between  the  1so  and  the 
continuum  state,  R  ;s  the  radial  velocity,  EigoCt)  is  the  time  dependent 
electron  binding  energy  of  the  electron,  and  e  is  the  energy  of  the  electron  in 
the  rantinuurn. 

The  probability  for  making  a  vacaiicy  in  the  Iso  MO  is  given  by: 


bifferent  approximations  have  been  made  to  connect  the  direct  excitation 
process  in  heavy*ion  collisions  to  semiclassioal  perturbation  theories  used  to 
describe  the  direct  Coulomb  ionization  in  asymmetric  collisions  induced  by 
1  if  *.  ions.  One  remarks,  that  in  adiabatic  collisions,  the  dominan., 
internuclear  distance  for  ionization  is  much  smaller  than  the  K-shell  radius  of 
the  target  atoms  (16).  Several  authors  have  proposed  replacing  the 
continuously  evolving  wavef unctions  of  the  MO  states  by  the  atomic 
wavef unctions  of  the  UA  (17*19).  Within  this  assamption,  Briggs  suggests  that 
for  a  symmetric  system,  the  ionization  of  the  Iso  can  be  described  as  the 
ionization  of  the  K-shell  UA,  fixed  at  the  center  of  mass  of  the  collision. 

One  electron  of  this  fictitious  UA,  at  rest  in  the  collisions  sysl  jm,  will  feel 
a  potential  perturbation  caused  by  the  Coulomb  fields  of  the  projectile  ana  of 
the  target  colliding  with  this  UA  atom  with  a  relative  velocity  equal  to  v/2 
(20). 

In  this  model,  Eq.(A)  can  be  written: 


•  f" 

a^lmW)  =  -ij 


•  I 


'-T 


I  r-vt/2| 


I  r*vt/2 


1  s 


(6) 


where  013  and  are  respectively  the  Is  state  and  continuum  states  of  the 

UA,  r  are  the  electronic  coordinants  of  the  UA  relative  to  the  CM  of  the 
collision,  Zp  and  Zx  are  respectively  the  atomic  numbers  of  projectile  and 
target,  and  v  is  the  velocity  of  the  projectile  in  the  laboratory  system.  The 
projectile  and  target  masses  are  assumed  to  be  equal,  and  Ae  is  tne  energy 
transferred  to  the  electron. 

In  this  model  the  projectile  and  the  target  are  treated  on  completely 
equal  footing.  The  ionization  amplitudes  with  respect  to  projectile  and  target 
are  aided  coherently.  In  the  case  of  a  completely  symmetric  system,  the 
relat  ve  target  and  projectile  ionizat'on  amplitudes  are  equal  to: 


^rtm  =  dt  :UA  T  ,  (7) 

where  Pq  and  pp  are  the  parities  of  the  UA  wave  functions  and  An 

evaluation  of  Pigg,  in  the  framework  of  tie  Briggs  model  b^  frautraann  (21) 
leads  to  the  following  result  for  a  pure  atomic  collision  involving  the  way 
into  and  the  way  out  of  the  collision: 

p  Briggs  ^ 

Iso 


United  Atom  X-Rays  from  \’uclear  I'usion  Reactions 


387 


The  theoretical  evaluation  of  Pis^  is  comparable  to  the  presently  measured 
value  of  the  half-collision  probability.  From  this  comparison  we  may  conclude 
that  the  essential  part  of  the  mechanism  for  creating  a  K-shell  vacancy  in  the 
UA  comes  from  the  direct  ionization  of  the  Iso  electron  at  small  internuclear 
distances.  Nevertheless  the  experimental  data  refers  to  the  way  into  the 
collision  while  the  calculated  value  refers  to  an  entire  collision  in  which  the 
internuclear  distances  evolve  continuously  from  minus  infinity  to  plus 
infinity.  A  calculation  of  P]3(,  on  the  way  into  the  collision  made  in  the 
framework  of  the  Briggs  model  is  highly  desirable.  A  detailed  comparison  with 
the  experimental  value  may  bring  a  new  insight  to  the  phase  relation  of  the 
atomic  amplitudes  (1,22) 

5.  c:o\LT,usio.\  .wi)  ruRnu:R  I)IA'i;i.oi>mii\ts 

We  have  measured  for  the  first  time  the  ionization  probability  on  the 
way  into  a  nuclear  reaction.  Furthermore,  this  measurement  shows  clearly 
the  part  of  the  direct  excitation  process  on  the  creation  of  K-shell  vacancies 
in  symmetric  collisions  in  the  adiabatic  regime.  We  clearly  demonstrate  the 
feasibility  of  separating  the  x-rays  following  atomic  excitation  from  the  x- 
rays  having  a  nuclear  origin.  It  is  shown  that  a  correct  undertstanding  the  x- 
ray  emission  in  nuclear  reactions  can  only  be  achieved  if  the  reaction  channels 
are  clearly  identified. 
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Two  recent  experiments  have  discovered  monoenergetic  line  structures  in  the 
collision  of  high-Z  heavy  ion  collisions.  We  discuss  this  phenomenon  using 
the  concept  of  a  change  of  the  QED  vacuum  in  supercritical  electromagnetic 
fields.  As  an  alternative  the  hypothesis  is  reviewed,  that  the  positron  lines 
are  caused  by  the  creation  of  a  previously  unknown  elementary  particle. 


1.  QED  OF  STRONG  FIELDS 

The  theory  of  quantum  electrodynamics  (QED)  without  doubt  is  among  the  best 
understood  and  most  successful  domains  of  modern  physics.  Starting  from  Dirac's 
pioneering  work  on  relativistic  quantum  mechanics  and  culminating  in  the  com¬ 
pletion  of  the  renormalization  programme,  today  QED  is  able  to  predict  the  prop¬ 
erties  of  atoms  and  other  leptonic  systems  with  an  accuracy  unrivaled  by  any  other 
theory.  Nevertheless,  until  about  a  decade  ago,  one  important  question  [1]  of 
principal  interest  has  lain  rather  dormant,  mainly  due  to  the  lack  of  interaction 
with  the  experiment.  This  topic  is  related  to  the  external  field  problem  of  QED. 
Already  very  early  an  apparent  inconsistency  of  the  theory  was  noticed  (Klein's 
paradox)  if  a  strong  external  field  is  present.  Phrased  in  today's  language  this 
is  due  to  an  instability  of  the  vacium  of  the  theory.  In  the  absence  of  inter¬ 
actions,  or  if  the  external  field  is  very  weak,  a  vacuum  state  |0>  can  be  defined 
which  is  characterized  by  the  absence  of  real  particles. 

If  the  strength  of  the  external  potential  exceeds  a  critical  value  (which  is 
2m  in  the  case  of  a  potential  step)  the  positive  and  negative  frequency  solutions 
of  the  Dirac  equation  become  intermixed.  Now  a  new  type  of  wavefunctions  can  be 
found  which  tunnel  through  the  'forbidden'  energy  gap  of  the  Dirac  equation, 
defined  by  -m  <  E-V  <  +m.  In  terms  of  physical  observables  this  has  to  be  inter¬ 
preted  as  a  pair  production  process  being  most  easily  visualized  in  Dirac's  hole 
picture  where  all  the  states  of  the  lower  continuum  are  occupied.  Normally  invis¬ 
ible  vacuum  electrons  now  can  escape  to  a  region  of  space  where  they  are  observa¬ 
ble,  leaving  behind  positively  charged  holes,  I.e.  positrons.  Since  this  is  a 
quantum  process  it  is  required  that  the  potential  difference  Is  local ized  wi thin 
a  few  Compton  wavelengths. 

The  only  systems  where  one  can  hope  to  find  this  situation  realized  in  nature 
are  atomic  nuclei.  Unfortunately,  while  the  Coulomb  potential  well  produced  by 
stable  nuclei  is  very  deep  it  Is  too  narrow  to  support  sufficiently  deeply  lying 
electronic  states.  In  a  gedankenexperiment,  however,  the  charge  Z  of  a  nucleus 
may  be  Increased  beyond  the  limits  set  by  nuclear  stability.  Then  the  atomic 
bound  states  rapidly  descend  in  energy,  cf.  Fig.  1.  At  a  critical  charge  Z^.^  = 

173  (taking  into  account  the  finite  nuclear  extension)  the  binding  energy  of  the 
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Figure  1:  Lowest  bound  states 
of  the  Dirac  equation  for  nuc¬ 
lei  with  charge  Z.  While  the 
Sommerfeld  fine-structure  ener¬ 
gies  (dotted  lines)  for  k  =  -1 
end  at  Z  =  137,  the  solutions 
for  extended  Coulomb  potentials 
(full  curves)  can  be  traced 
down  to  the  negative  energy 
continuum  which  is  reached  at 
the  critical  charge  Z^^.  The 

bound  states  entering  the  con¬ 
tinuum  obtain  a  spreading 
width . 

lowest  state  (Is)  reaches  the  threshold  for  pair  creation,  2m.  Beyond  that  limit 
the  Is-state  enters  the  negative  energy  continuum  as  a  resonance.  Within  about 
10-“’  s  a  hole  prepared  in  the  Is-statewill  be  emitted  spontaneously  and  escapes 
to  infinity.  The  K-shell  of  the  remaining  atom  now  is  filled  with  electrons, 
which,  when  removed  by  external  forces,  will  be  replaced  almost  immediately 
through  the  process  of  pair  creation.  The  new  stable  groundstate  of  the  system 
(electron  positron  field  +  external  potential)  contains  real  electrons,  i.e.  a 
transition  to  a  charged  vacuum  has  taken  place. 

Although  the  problem  of  the  critical  coupling  strength  still  is  the  subject  of 
theoretical  investigations  [2],  the  concept  of  the  charged  vacuum  has  been  worked 
out  in  detail  and  is  believed  to  be  well  understood  [1]. 

The  question  remains,  however,  whether  this  new  and  interesting  phenomenon  can 
be  made  the  subject  of  experimental  investigation.  Perhaps  by  an  accident  of 
nature,  the  critical  charge  has  a  value  slightly  below  twice  the  charge  of 

the  most  heavy  stable  elements.  Thus  it  should  be  possible  to  produce  a  super¬ 
critical  field  at  least  transiently  in  a  heavy  ion  collision.  So,  formulating  the 
problem  somewhat  more  broadly,  we  have  to  study  the  question  to  what  extent  the 
electronic  properties  of  an  atom  with  nuclear  charge  Z  =  Z,  +  Z,  can  be  deduced 

from  the  outcome  of  a  collision  experiment  using  two  separate  atoms. 


2.  ATOMIC  EXCITATION  PROCESSES  IN  HEAVY  ION  COLLISIONS 


A  complete  solution  ot  the  quantum  mechanical  relativistic  many  particle  ine¬ 
lastic  scattering  problem  clearly  cannot  be  found.  Due  to  the  large  mass  of  heavy 
nuclei,  however,  the  semiclassical  method  may  be  used  to  describe  the  electron 
dynamics  during  the  collision.  Furthermore,  electron  correlation  interactions 
should  be  of  minor  importance  for  the  processes  of  interest.  Therefore  the  prob¬ 
lem  reduces  to  the  solution  of  the  time  dependent  two  center  Dirac  equation 
(fi=c=l) 

ia/3t  ♦.(t)  =  H^j.p(?(t))  ♦.(t),  (1) 

where  ^ 

Htcd  =  “*P  +  6m  +  Vi(r,R,(t))  +  V,(r,R,(t)).  (2) 


Electron  screening  may  be  included  in  the  Hamiltonian  by  a  mean  screening  poten¬ 
tial,  also  the  magnetic  interaction  with  the  nuclear  current  may  be  added.  The 
index  i  denotes  the  initial  conditions  at  t-»-«  from  which  the  state  evolves 

in  time.  Within  the  Independent  particle  approximation,  the  one-electron  wave- 
functions  may  be  used  to  extract  the  full  information  on  the  excitation  of  the 


many-particle  system.  The  number  of  part  ides 


in 


the  asymptotic  eigenstate  * 


P 
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simply  is 

%  =  ^k<F  I  (3) 

where  the  summation  extends  over  all  states  initially  occupied,  i.e.  lying  below 
the  'Fermi  level'  F.  Using  the  language  of  second  quantization,  expressions  for 
multiparticle  states  are  easily  derived  [3], 

To  find  the  wavefunctions  4|^(t-*»),  the  four  dimensional  partial  differential 

equation  (1)  may  be  integrated  directly  by  numerical  methods  [4],  which  is  par¬ 
ticularly  useful  at  high  collision  energies.  As  an  alternative  method  we  employ  a 
basis  expansion  of  the  time  dependent  wavefunction 

f|^(t)  =  Ij  a.j(t)  ♦jCRCt))  exp  (-iXj(t)),  (  4) 

where  the  sum  includes  integration  over  continuum  states  of  positive  and  negative 
frequency. 

We  are  mostly  interested  in  collisions  close  to  the  nuclear  Coulomb  barrier 
where  the  nuclear  velocity  is  slow  compared  to  the  relativistc  motion  of  inner 
shell  electrons.  Thus  an  expansion  in  terms  of  adiabatic  solutions  of  the  two 

center  Dirac  equation  {quasimolecular  basis)  is  best  suited.  This  leads  to  the 
well-known  set  of  coupled  differential  equations  for  the  amplitudes  a.j(t) 

a,j(t)  =  -  I  {i(Xj-X|^)),  (  5) 

with  the  initial  condition  a^j(-~)  =  6^j.  The  phase  factors  Xj(t)  are  chosen  to 

eliminate  the  diagonal  coupling  matrix  element. 

Using  the  bound  state  solutions  of  the  two  center  Dirac  equation  [5]  it  is 
found  that  the  matrix  elements  of  the  radial  coupling  operator  ft  a/aR  involving 
nsi?  and  nph  states  are  strongly  peaked  at  small  internuclear  distances  R.  This 
stands  in  contrast  to  the  nonrelativistic  case  and  is  due  to  the  relativistic 
'collapse  of  the  uavefunct ions'  .  In  the  relevant  region  of  small  R  the  two  cen¬ 
ter  potential  can  be  approximated  by  its  spherically  symmetric  monopole  part. 
Only  quite  recently  the  two  center  Dirac  continuum  problem  was  attacked.  Using  a 
specially  taylored  representation  of  the  Dirac  spinors,  K.H.  Wietschorke  and  P. 
Schl liter  devised  a  method  to  construct  continuum  wavefunctions  which  in  the 
spherical  limit  become  eigenstates  of  the  Dirac  angular  momentum  operator  K. 
Their  results  substantiate  the  validity  of  the  monopole  approximation,  which,  of 
course,  can  be  handled  with  much  greater  ease. 

The  model  which  we  have  briefly  sketched  in  eqs.  (1)  to  (5)  leads  to  pred¬ 
ictions  on  a  variety  of  electronic  excitation  phenomena  in  heavy  ion  collisions. 
Let  us  just  mention  some  key  results  without  going  into  any  detail. 

(1)  Remarkably  large  K-shelJ  excitation  rates  are  predicted  for  close  collisions 
(small  impact  parameters).  This  can  be  understood  from  the  relativistic  con¬ 
traction  of  the  wavefunctions. 

(2)  The  spectrum  of  6  -electrons  extends  up  to  energies  of  several  MeV  with  rea¬ 
sonable  intensity.  This  reflects  the  presence  of  high  momentum  components  in  the 
quasimolecular  relativistic  wavefunctions. 

(3)  High  energy  quasimolecular  X-ray  radiation  is  emitted. 

All  of  these  predictions  are  in  good,  sometimes  excellent  agreement  with 
experimental  data.  Therefore  it  is  justified  to  conclude  that  the  dynamics  of 
inner  shell  electrons  in  collisions  of  very  heavy  ions  can  be  well  understood 
using  the  language  of  superheavy  quasimolecules.  The  effects  of  the  strong 
external  field  in  such  systems  lead  to  characteristic  properties  quite  foreign  to 
ordinary  atomic  physics. 

Attempts  to  go  beyond  these  statements,  however,  and  to  detect  a  signal  from 
the  decay  of  the  neutral  vacuum  seemed  to  prove  rather  futile.  Obviously  one  wants 
to  look  for  the  emission  of  positrons.  To  describe  this  process  in  the  case  of 
supercritical  collisions  it  is  necessary  to  amend  the  formalism  [3]  to  take  prop¬ 
er  account  of  the  resonance  properties  of  the  'dived'  Is-state  which  has  vanished 
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from  the  bound  state  spectrum  of  the  adiabatic  Hamiltonian.  To  incorporate  the 
resonance  into  the  formalism  of  eqs.  (1)  -  (5)  a  projection  operator  technique 
borrowed  from  nuclear  physics  has  been  used. 

The  formalism  naturally  leads  to  the  emergence  of  'induced'  and  'sponta¬ 
neous'  positron  creation,  the  latter  resulting  from  the  presence  of  an  unstable 
state  ♦jj  in  the  expansion  basis.  In  practice,  however,  this  does  not  result  in  a 

marked  threshold  behaviour  at  the  border  of  the  supercritical  region.  The  rapid 
variation  of  the  quasimolecular  potential  causes  significant  contributions  from 
the  dynamical  coupling,  whereas  the  period  of  time  for  which  the  internuclear 
distance  R(t)  is  less  than  is  usually  very  short  (~  10-*'s)  as  compared  with 

the  decay  time  of  the  Is  resonance  (~  10-*’  s). 

Therefore,  the  predicted  production  rates  and  energy  spectra  of  positrons  con¬ 
tinue  smoothly  from  the  subcritical  to  the  supercritical  region.  Nevertheless 
the  remarkably  steep  increase  of  positron  emission  intensity  (roughly  given  by  a 

e+  22 

power  law  P  =  Z  )  in  itself  bears  witness  that  the  electron-positron  field  is 
subject  to  extreme  conditions  in  heavy  ion  collisions  with  Z  -  Z^^. 


3.  POSITRON  CREATION  AND  NUCLEAR  REACTIONS 

Qualitative  deviations  of  the  positron  production  rate  in  supercritical  colli¬ 
sion  systems  are  expected  only  under  favourable  conditions:  Since  the  'spontane¬ 
ous'  and  'dynamical'  couplings  exhibit  a  different  functional  dependence  on  the 
nuclear  motion,  an  increase  in  collision  time  can  be  expected  to  provide  a  clear 
signature  for  supercritical  collisions.  Therefore  Rafelski,  Muller,  and  Greiner 
[6]  suggested  the  study  of  positron  emission  in  heavy  ion  reactions  at  bombarding 
energies  above  the  Coulomb  barrier,  where  the  formation  of  a  di-nuclear  system  or 
of  a  compound  nucleus  would  eventually  lead  to  a  time  delay  within  the  bounds  of 
the  critical  distance  R^^.  During  this  sticking  time  T  the  spontaneous  decay  of 

the  Iso  resonance,  by  filling  dynamically  created  K-shell  holes  under  emission  of 
positrons,  will  be  strongly  enhanced. 

Thus  one  is  led  to  the  general  question,  how  to  describe  atomic  excitations  in 
the  presence  of  a  nuclear  reaction.  This  interesting  field  of  research  at  the 
borderline  between  two  domains  of  physics  usually  separated  has  received  much 
attention  during  recent  years.  Here  we  will  concentrate  on  the  aspect  of  positron 
creation,  for  a  recent  review  cf.  [7], 

In  a  simple,  schematic  formulation  a  nuclear  reaction,  as  far  as  the  electrons 
are  concerned,  is  just  characterized  by  a  standstill  of  the  nuclear  motion  for 
some  time  interval  T.  This  is  easily  incorporated  into  our  semiclassical  theory 

[8] .  The  asymptotic  excitation  amplitude 

“  ^qq'  ®iq('">°)  ^qq'^^^  ^q'f^^-")  ( 

is  determined  by  the  solutions  of  the  coupled  channel  equations  (5)  in  the  incom¬ 
ing  and  outgoing  parts  of  the  trajectory,  joined  by  the  expectation  value  of  the 
time  development  operator 

I  ♦q(«o)"-  (  8) 

In  the  eigenstate  basis  this  matrix  just  reduces  to  a  phase  factor 
exp(-iE^T).  When  inserted  into  (7)  this  factor  will  lead  to  interference 

effects  observable  in  the  energy  spectra  of  the  emitted  electrons  and  positrons 

[9] ,  Furthermore  a  significant  reduction  of  K-hole  production  rates  is  predicted 
for  which  experimental  Indications  have  been  found  [7]  recently. 

In  supercritical  collision  systems  the  factor  (8)  gains  special  significance. 
Due  to  the  presence  of  a  quasi-bound  state  in  the  basis,  a  nondiagonal  coupling 
term  Cj  will  arise,  which  grows  with  time  T.  The  effect  of  this  term  is  demon- 
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Figure  2:  Spectra  of  positrons  created  in  subcritical  (part  a)  and  supercritical 
heavy  ion  collisions  (part  b)  assuming  almost  grazing  Coulomb  trajectories  (full 
lines)  and  nuclear  reactions  leading  to  delay  times  3x ,  6*,  and  10  x  10-*‘  sec, 
respectively,  using  a  schematic  model  for  the  trajectory  [8], 

strated  in  figure  2,  where  coupled  channel  calculations  for  a  subcritical 
(Z=164)  and  a  supercritical  (2=184)  system  are  compared. 

In  addition  to  the  interference  patterns  an  enhancement  of  positron  product  ion 
in  time-delayed  supercritical  collisions  is  observed,  where  the  binding  energy  of 
the  lowest  bound  states  exceeds  the  value  2m  .  For  long  delay  times  a  distinct 
peak  in  the  positron  spectrum  is  found  at  the  location  of  the  supercritical  bound 
state  resonance  (binding  energy  minus  2m  )  due  to  the  spontaneous  pair  creation 
process. 


4.  EXPERIMENTAL  EVIDENCE  FOR  POSITRON  LINE  STRUCTURES 

Several  generations  of  experiments  investigating  positron  creation  in  high-2 
heavy  ion  collisions  have  been  performed  at  the  Gesel  1  schaft  fiir  Schwerionenfor- 
schung  (GSI)  in  Darmstadt. 

During  the  past  six  years  three  different  collaborations  concentrated  their 
efforts  on  the  investigation  of  the  energy  spectrum  of  positrons,  measured  in 
collisions  with  well  defined  scattering  kinematics.  The  groups  make  use  of  three 
different  experimental  set-ups: 

•  The  ORANGE  spectrometer  [10,11]  (P.  Kienle,  Ch.  Kozhuharov,  and  collabora¬ 
tors); 

•  the  EPOS  detection  system  [12,13]  (  J.S.  Greenberg,  H.  Bokemeyer,  J.  Schweppe, 
P.  Vincent,  D.  Schwalm,  and  coworkers); 

•  the  TORI  spectrometer  [14]  (headed  by  E.  Kankeleit). 

Most  of  the  measurements  were  performed  on  the  systems  Th+Th,  U+Th,  U+U, 
Th+Cm,  and  U+Cm  at  bombarding  energies  in  the  vicinity  of  the  nuclear  Coulomb  bar¬ 
rier.  In  their  gross  structure,  the  experimental  findings  seem  to  be  well  under¬ 
stood.  For  all  the  heavy  ion  systems,  bombarding  energies,  and  impact  parameters 
that  were  studied,  the  measured  positron  production  is  in  good  agreement  with  the 
results  of  coupled  channel  calculations  based  on  the  quasimolecular  model. 
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Looked  upon  more  closely,  however,  the  measured  energy  spectra  reveal  remark¬ 
able  deviations  from  the  predicted  smooth  shape.  This  is  true  for  the  results  of 
both  the  EPOS  and  the  ORANGE  group.  The  TORI  experiments,  dedicated  mostly  to  the 

study  of  e*  and  e  emission  in  deep  inelastic  nuclear  collisions,  have  observed 
less  clear  indications  for  this  effect  [15]. 

Let  us  discuss  the  experimental  discovery  in  detail.  Figure  3  shows  some  of 
the  most  recent  data  obtained  by  the  ORANGE  spectrometer.  Kienle's  group  measured 
positron  spectra  in  U+U  collisions  at  5.9  MeV/u  in  coincidence  with  the  heavy  ions 
scattered  into  various  angular  windows.  The  broad  curve  (a)  shows  the  theoretical 
predictions  for  dynamical  positron  production,  calculated  under  the  assumption 
that  the  nuclei  move  on  Rutherford  trajectories.  The  theoretical  values  have 
been  reduced  by  a  common  normalization  factor  0.75  to  give  an  optimal  fit  at  high 
positron  energies.  In  all  the  spectra  displayed  in  the  figure,  prominent  struc¬ 
tures  are  found.  The  'positron  lines'  are  centered  at  an  energy  E^^  =  280  keV, 

having  a  width  of  4E  =  80  keV.  The  total  production  cross  section  is  a  =  lOOpb. 

The  angular  dependence  is  consistent  with  a  fit  ~l/sin8,  which  would  correspond 
to  a  distribution  of  the  emitted  nuclei  which  is  isotropic  in  the  reaction  plane. 
Very  similar  results  also  have  been  reported  for  the  collision  system  U+Th, 
except  that  here  the  cross  section  is  smaller  by  a  factor  of  2. 

Figure  4  shows  the  results  of  the  EPOS  group  [13]  for  a  variety  of  collision 
systems  in  the  range  between  Th+Th  (2=180)  and  U+Cm  (2=188).  Striking  line 
structures  with  a  width  aE  <  80  keV  have  been  observed  in  all  the  systems.  (Note 
that  in  preparing  the  data  particular  'kinematic  cuts'  have  been  chosen  for  the 

UtU  E/A  =  5.9MeV/u 


Eg.  Ic  m.J/keV 

Figure  3:  Positron  spectra  measured  with  the  ORANGE  spectrometer  for  U+U  colli¬ 
sions  at  the  Coulomb  barrier  [11].  For  various  scattering  angles  a  structure  is 
observed.  N:  Nuclear  conversion  background,  which  has  been  subtracted,  a:  Dynam¬ 
ical  positron  creation  from  Rutherford  scattering,  b:  Line-fit  assuming  sponta¬ 
neous  positron  production  from  a  long-lived  nuclear  quasimolecule. 
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Figure  4a;  Positron  energy  spectra  for  the  collision  systems  U+Cm  (Z^  =  188), 

Th+Cm  (186),  U+U  (184),  Th+U  (182),  and  Th+Th  (180)  at  bombarding  energies  close 
to  the  Coulomb  barrier  measured  by  the  EPOS  group  at  GSI  [13],  Positron  lines  at 
Eg+  ~  330  keV  nearly  independent  of  Z^,  are  clearly  visible. 

Figure  rib:  Positron  spectra  corresponding  to  part  a  calculated  unde^-  the  assump¬ 
tion  that  in  all  systems  elongated  giant  nuclear  molecules  of  similar  type  are 
formed.  The  fraction  of  delayed  collisions  and  the  lifetime  have  been  taken  over 
from  the  U+Cm  system. 
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scattering  angles.  This  was  used  to  enhance  the  line  structure  with  respect  to  the 
broad  background.) 

Before  drawing  far  reaching  conclusions  on  the  origin  of  the  new  structures 
depicted  in  figures  3  and  4,  any  explanation  in  terms  of  'trivial'  effects  have  to 
be  ruled  out.  Here  one  has  to  think  of  pair  conversion  processes  from  nuclear  lev¬ 
els  excited  by  the  Coulomb  and  nuclear  force  or  through  transfer  reactions.  Pair 
conversion  is  known  to  be  responsible  for  a  quasi-continuous  'background'  to  the 
observed  positron  spectra.  In  principle  a  very  strongly  excited  state  undergoing 
conversion  could  lead  to  structures  in  the  spectrum,  although  it  is  hard  to  under¬ 
stand  why  various  nuclei  with  different  structure  used  in  the  experiments  should 
produce  the  same  effect.  Fortunately,  nuclear  conversion  coefficients  can  be 
calculated  reliably  [16].  The  resulting  positron  spectrum  has  a  triangular  shape 
and  the  width  of  the  spectra  should  be  twice  as  large  as  the  observed  value. 

Further  experimental  conclusions  can  be  drawn  from  the  energy  distribution  of 
emitted  JT-rays  and  6-electrons:  Nuclear  transitions  of,  e.g.,  multipolarity  El 
or  E2  should  also  be  observable  in  the  spectra  of  photons  with  an  intensity  that 
can  be  predicted.  If  the  observed  positron  lines  are  caused  by  nuclear  EO  transi¬ 
tions,  one  should  also  observe  a  distinct  peak  in  the  &-eJectron  distribution.  No 
such  structures  have  been  found  in  the  experiments  of  the  EPOS  and  the  ORANGE 
group  [18,12  ].  From  these  arguments  we  can  conclude  that  the  sharp  positron  line 
structure  does  not  originate  from  a  trivial  conve:-sion  in  the  separated  collision 
partners. 

These  conclusions  are  substantiated  by  tuo  other  experimental  facts:  The 
Orange  group  [18]  has  measured  the  emission  probability  in  the  positron  line  as  a 
function  of  the  azimuthal  angle  relative  to  the  scattering  plane.  If  positrons 
are  emitted  from  a  system  moving  with  the  velocity  of  the  center  of  mass,  the 
emission  probability  for  a  given  positron  energy  can  not  depend  on  the  azimuthal 


Figure  5a:  Ratio  of  positrons  emitted  in  the  scattering  plane  (0°  <  p  <  45°)  to 
those  emitted  off-plane  (45°  <  i  <  90°),  as  a  function  of  positron  energy.  For 
emission-  from  the  combined  system  moving  into  the  beam  direction  this  ratio 
should  be  constant  (=1.),  whereas  for  an  emission  from  the  separated  collision 
partners  the  ratio  should  follow  the  dashed  line  [18]. 

Figure  5b:  Ooppler  broadening  of  the  positron  line  expected  from  projectile,  tar¬ 
get,  and  centre-of-momentum  emission  in  binary  scattering  events  from  6.05  MeV/u 
U+Cm  and  6.02  MeV/u  Th+Cm  collisions  plotted  as  a  function  of  the  laboratory  pro¬ 
jectile  scattering  angle.  Broadening  is  expressed  as  a  fraction  of  the  calculated 
width  for  c.m.  emission.  The  independence  of  the  scattering  angle  Indicates  that 
the  emitting  system  travels  with  c.m.  velocity.  From  [13]. 
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angle  between  the  scattering  plane  and  the  positron  detector.  Thus,  the  ratio 
N(  In-plane)  /  N(off-plane)  should  be  constant.  For  positron  emission  from  the 
separated  collision  partners,  however,  the  ratio  should  follow  the  curve  dis¬ 
played  In  figure  5a.  A  preliminary  analysis  of  these  data  Indicates  that  the 
emitting  system  moves  in  the  direction  of  the  beam  ( i .e.  ,  the  center  of  mass) . 

The  EPOS  group  [13]  used  the  widths  of  the  peaks  to  determine  the  emitter 
velocity.  They  appear  to  be  independent  of  the  scattering  angle  for  all  collision 
systems  investigated.  Moreover,  it  was  found  that  the  observed  width  corresponds 
to  the  value  expected  from  Doppler  broadening,  assuming  that  the  source  moves 
with  center  of  momentum  velocity,  cf. Figure  5b. 

Thus  the  experimental  evidence  presently  available  seems  to  exclude  the 
hypothesis  that  the  positron  line  is  emitted  by  the  separating  nuclei.  Instead, 
the  emitting  source  seems  to  be  correlated  with  the  center  of  mass  motion  of  the 
heavy  ion  system. 


5.  PRODUCTION  OF  A  NEW  ELEMENTARY  PARTICLE? 

Looking  at  the  experimental  spectra  one  might  be  led  to  the  conclusion  that  all 
the  observed  positron  lines  have  a  single  common  origin.  One  mechanism  which  in  a 
natural  way  would  lead  to  exactly  the  same  positron  energy  in  all  systems  is  the 
creation  of  a  new  light  particle  X  decaying  under  positron  emission  [19,20]. 
Although  such  an  explanation  is  highly  speculative  it  seems  worth  while  to  inves¬ 
tigate  its  consequences  and  check  its  consistency  with  the  experimental  facts. 

We  will  concentrate  on  the  hypothesis  that  the  new  particle  is  a  neutral  boson 

decaying  into  an  electron-positron  pair,  X  ->  e*+e  .  The  mass  required  to  explain 
a  positron  energy  of  E^^  =  330  keV  is  mj^  =  2  (m^  +  E^^)  =  1.68  MeV.  One  candidate 

for  the  new  particle  is  the  pseudoscalar  axion  which  has  been  postulated  on  the¬ 
oretical  grounds  in  order  to  explain  the  absence  of  CP  violating  terms  in  the 
theory  of  strong  interaction  [21].  However,  since  at  least  the  standard  axion 
model  is  in  conflict  with  experiment  we  will  leave  open  the  type  of  coupling  of 
the  particle,  only  assuming  that  it  couples  linearly  to  the  lepton  fields,  with 

the  interaction  Lagrangian  L  =  g  jTij/  4  where  rj=l,  rp=  i!f®,  x''.  and 

for  scalar  .pseudoscalar,  vector  and  axial  vector  coupling. 

Let  us  discuss  the  kinematicaJ  aspects  of  the  hypothesis  that  in  heavy  ion  col¬ 
lisions  new  particles  of  mass  are  created  which  decay  into  electron-positron 

pairs.  The  energy  distribution  of  positrons  (or  electrons)  will  be  broadened 
since:  (1)  the  distribution  of  the  created  bosons  will  have  a  finite  energy  spread 
in  the  heavy  ion  center  of  mass  system;  (2)  the  proper  momentum  of  the  moving  par¬ 
ticles  adds  up  to  the  momentum  of  the  decay  products  depending  on  a  varying  rela¬ 
tive  angle.  Therefore  the  mere  fact  that  particles  with  an  appropriate  mass  mj^ 

are  created  does  not  automatically  guarantee  the  emergence  of  a  line  in  the  posi¬ 
tron  spectrum  having  the  observed  narrow  width  T  <  80  keV. 

If  the  particles  are  radiated  dynamically  during  the  course  of  the  heavy  ion 
collision,  their  energy  distribution  must  be  rather  broad,  reflecting  the  avail¬ 
able  'Fourier  frequencies'  of  the  nuclear  motion.  The  possible  emergence  of  a 
line  structure  in  the  spectrum  of  the  decay  products  depends  sensitively  not  only 
on  the  fall-off  constant  of  the  particle  spectrum  but  even  more  so  on  its  behavi¬ 
our  at  small  kinetic  energies.  In  Figure  6  we  show  the  expected  positron  spectra 
in  the  laboratory  for  two  different  assumptions  on  the  energy  distribution  of 
created  X-particles.  If  the  latter  is  an  exponential  function  dw/dE  wytA  respect 
to  energy,  the  line  width  comes  nowhere  near  the  required  value.  This  situation 
would  change  if  the  low-velocity  component  of  the  particle  spectrum  were 
enhanced.  If  we  assume  an  exponential  decrease  of  dw/dp  with  respect  to  momentum, 
sufficiently  narrow  line  spectra  can  be  produced,  cf.  Figure  6b.  However,  explic¬ 
it  models  for  the  production  mechanism  lead  to  just  the  opposite  effect:  The  low 
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momentum  emission  is  suppressed.  Thus,  the  particle  creation  hypothesis  from  the 
outset  suffers  from  the  shortcoming,  not  to  predict  the  correct  positron 
1 ine-width. 

Further  severe  problems  are  encountered  if  we  try  to  explain  the  required  pro¬ 
duction  cross  section  of  the  order  100  pb.  For  the  coupling  constant  strict  upper 
limits  can  be  found  by  looking  at  the  effects,  virtual  X-creation  would  have  on 
well  understood  high-precision  data.  The  coupling  to  the  electron  will  influence 
the  electronic  anomalous  magnetic  moment.  The  contribution  to  the  electron  anoma¬ 
ly  a=  l5(g”2)  is  proportional  to  the  squared  coupling  constant,  Aa  = 

(a®/2Ti)»K(mj(/m  )  where  K  is  a  slowly  varying  function  of  the  mass  ratio.  From 

the  high  level  of  agreement  between  theory  and  experiment  for  the  g-factor  of  the 

e  “8 

electron  an  upper  limit  for  the  coupling  strength  o  <  10  is  found,  quite 
independent  of  the  Lorentz  coupling  type  (S,  P,  V,  A). 

An  estimate  of  the  dynamical  particle  creation  cross  section  in  heavy  ion  col¬ 
lision  at  the  Coulomb  barrier  using  this  coupling  constant  falls  short  of  exper¬ 
iment  by  about  five  orders  of  magnitude.  Therefore  the  hypothesis  that  a  light 
boson  created  via  coupling  to  the  electron  field  is  responsible  for  the  observed 
positron  line  seems  not  to  be  tenable. 

Similar  arguments  apply  also  if  we  assume  that  the  particle  is  created  from  the 
nuclear  current.  Since  a  light  boson  creates  an  additional  short  range  potential 
competing  with  the  electromagnetic  interaction,  atomic  physics  data  are  sensitive 
to  its  presence.  From  the  Lamb-shift, in  hydrogen,  e.g.,  we  find  an  upper  limit  for 

the  product  of  coupling  constants  g®g^/4w  <  10  ^  (except  for  a  pseudoscalar  par¬ 
ticle,  which  has  vanishing  coupling  to  the  nucleon  in  the  nonrel ati vi Stic  limit). 

The  particle  creation  mechanism  can  be  calculated  in  the  semiclassical  approx¬ 
imation,  in  close  analogy  to  the  semiclassical  approach  to  electromagnetic 
bremsstrahl ung .  Results  of  a  calculation  [?2]  of  scalar  and  pseudoscalar  parti- 
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Figure  6a, b:  Positron  spectrum  in  the  lab.  system  following  the  two-body  decay  of 
a  light  boson  of  ~  1.7  MeV  mass.  If  the  production  spectrum  with  respect  to  kinet¬ 
ic  energy  falls  off  exponentially,  no  sharp  line  can  be  produced  (a).  The  assump¬ 
tion  of  an  exponential  source  spectrum  with  respect  to  momentum  could  explain  a 
narrow  positron  line  (b) . 

Figure  7:  The  predicted  spectrum  of  scalar  or  pseudoscalar  particles  emitted  in  a 
U+U  collision  by  a  nuclear  bremsstrahlung  mechanism. 
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cle  einission  are  shown  in  Figure  7  for  a  collision  of  U+U  at  6  MeV/nucleon  bofn^ 
barding  energy.  The  spectra  e.xhibit  broad  maxima  at  Ej^  -  600  keV  and  decay 

exponentially  at  high  energies.  At  low  kinetic  energy  the  intensity  is  sup¬ 
pressed.  This  argument  alone  is  sufficient  to  rule  out  the  bremsstrahl ung  cre¬ 
ation  of  a  new  particle,  since  the  decay  can  not  lead  to  narrow  positron  spectra. 
Furthermore,  the  intensity  is  much  too  low,  in  view  of  the  limit  on  the  coupling 
constant. 

From  these  arguments  we  conclude  that  the  creation  of  a  new  particle  with  line¬ 
ar  coupling  to  other  fields  is  not  able  to  explain  the  positron  lines  on  quantita¬ 
tive  reasons.  Only  if  one  is  willing  to  accept  nonlinear  interactions  with  matter 
fields,  the  'particle  scenario'  for  the  origin  of  the  positron  lines  cannot  be 
ruled  out  absolutely. 


6.  FORMATION  OF  GIANT  NUCLEAR  SYSTEMS? 

6.1  Analysis  of  the  Positron  Line 

According  to  the  experimental  investigations  summarized  in  Sect.  4  it  seems 
very  unlikely  that  a  trivial  explanation  for  the  observed  positron  line  struc¬ 
tures  can  be  found.  Therefore  we  come  back  to  the  theoretical  concept  which  ori¬ 
ginally  had  stimulated  the  experimental  searches  and  asx  the  questions:  Are  the 
observed  positron  lines  related  to  the  strong  Coulomb  field?  Do  they  signal  the 
decay  of  the  vacuum? 

From  the  arguments  of  Sect.  3  it  is  obvious  that  calculations  based  on  nuclear 
Rutherford  scattering  do  not  support  such  an  interpretation.  In  fact,  by  the 
time-energy  uncertainty  relation  the  small  width  AE  S  80  keV  of  the  positron 
lines  calls  for  a  life-time  of  the  emitting  system  larger  than  several  times 
10-*“  s.  This  is  more  than  an  order  of  magnitude  larger  than  the  'diving  time 
interval'  defined  by  R(t)  <  R^^.  To  explain  the  experiment  we  have  to  assume  that 

a  rather  long  lived  superheavy  nuclear  complex  is  formed.  Then  the  experimental 
spectra  can  be  described  by  a  superposition  of  Rutherford  collisions  (giving  the 
broad  basis  spectrum)  and  a  small  fraction  of  delayed  collisions,  since  positron 
production  is  very  strongly  enhanced  for  reaction  times  larger  than  10-*’  s. 

Position,  width,  and  strength  of  the  spontaneous  positron  line  are  determined 
by  the  nuclear  reaction  process:  The  kine'-.ic  energy  of  spontaneously  created 
positrons  by  the  shape  of  the  giant  nuclear  molecule  and  by  the  (partly  screened) 
nuclear  charge,  the  line  width  bv  the  nuclear  reaction  time  T  for  not  too  short 
nuclear  reactions  (for  very  long  reaction  times  T  *  h/T  by  the  spontaneous  decay 
width  r);  and  the  relative  strength  by  the  life  time  of  the  nuclear  composite  sys¬ 
tem  and  by  the  ratio  q  defining  the  number  of  nuclear  molecule  residues  per  elas¬ 
tically  scattered  ion  in  the  angular  window  considered. 

To  explain  the  UmCm  measurement  at  6.05  MeV/u  1.12J 
an  elongat^'d t  molecular  configuration  of  the  two  nuclei  has  to  be 
assumed  (  two  center  distance  R  =  16.3  fm  if  the  screened  electronic  energy  is 
used).  The  reaction  time  used  for  the  fit  is  10-”  s  and  the  fraction  of  delayed 
collisions  required  is  q  =  1.3«10-’.  This  corresponds  to  a  reaction  cross  section 
of  roughly  20  mb  assuming  isotropic  breakup  of  the  nuclear  composite  system. 

6.2  Nuclear  Physics  Aspects 

The  analysis  presented  so  far  has  been  phenomenological,  deducing  nuclear  phy¬ 
sics  properties  from  the  experimental  data  on  positron  line  production.  Ulti¬ 
mately,  however,  it  should  be  possible  to  understand  the  results  in  terms  of  a 
theoretical  model  and  to  make  predictions.  Due  to  the  complexity  of  the  problem, 
this  goal  has  been  reached  only  partly  up  to  now. 

According  to  the  conventional  lore  of  nuclear  physics,  the  collision  of  very 
heavy  ions  should  be  dominated  by  the  strong  Coulomb  repulsion.  However,  Sei- 
wert,  Oberacker  and  collaborators  have  shown  that  the  attractive  force  between 
the  touching  nuclear  surfaces  even  in  such  systems  may  be  strong  enough  to  over¬ 
come  the  Coulomb  force.  Using  a  double  folding  model  which  successfully  describes 
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Figure  S:  Nucl eus-nucl eus  potentials  for  the  systems  ’**U+'’*U  and  “”U+^“Cm 
..ith  surface  thickness  corrections  for  various  orientations  of  the 

colliding  nuclei  show  attractive  potential  pockets  [23].  The  arrows  desig¬ 
nate  the  values  required  to  explain  the  positron  lines.  Part  c  gives  an 
impression  of  the  nuclear  shapes  involved  in  the  collision  of  two  uranium  nuclei. 

elastical  scattering  of  medium  heavy  nuclei,  the  internuclear  potential  was  found 
to  bend  down  as  the  nuclear  atmospheres  start  to  overlap  [23],  In  the  case  of 
strong  overlap,  spurious  volume  and  surface  terms  had  to  be  renormalized,  so  that 
the  detailed  results  can  be  only  indicative.  Nevertheless,  it  is  encouraging 
that  the  calculation  is  able  to  predict  pockets  in  the  internuclear  potential. 
Two  examples  are  shown  in  Figure  8  for  several  orientations  of  the  two  strongly 
deformed  actinide  nuclei.  The  energetically  most  favourable  situation  is  found 
for  the  head  on  head  orientation,  since  here  the  Coulomb  repulsion  is  smallest.  It 
is  remarkable  that  in  the  U+Cm  system  the  potential  pocket  exactly  corresponds  to 
the  bombarding  energy  and  nuclear  elongation  required  to  explain  the  positron 
peak. 

To  improve  the  schematic  method  (frozen-in  nuclear  motion)  by  which  the  nucle¬ 
ar  reaction  has  been  described  up  to  now,  U.  Heinz  et  al.  extended  the  theory 
towards  a  quantum  mechanical  treatment  of  the  nuclear  relative  motion  [24].  This 
in  principle  allows  to  calculate  the  mechanism  responsible  for  nuclear  delayed 
reactions.  If  the  atomic  and  nuclear  excitations  can  be  localized  in  different 
spatial  regions,  a  formula  for  atomic  excitation  amplitudes  completely  analogous 
to  eq.  (7)  can  be  deduced.  But  now  the  time  development  matrix  is  replaced 

by  the  nuclear  scattering  matrix  [  25  ].  From  this  it  can  be  shown  that  the  sche¬ 
matic  classical  model  of  Sect.  3  in  fact  is  equivalent  to  the  quantal  formulation 
if  the  result  is  averaged  over  a  life-time  distribution  function  f(T).  This  func¬ 
tion  is  given  by  the  Fourier  transform  of  the  nuclear  autocorrelation  function. 
Under  the  assumption  that  the  potential  pocket  supports  a  large  number  of  closely 
spaced  collective  rotational  bands,  the  emergence  of  a  reaction  component  with 
long  life-time  was  deduced  within  this  framework.  The  model  up  to  now  is  too 
crude  to  give  quantitative  predictions  of  the  positron  lines.  In  particular,  it 
will  be  important  to  include  inelastic  channels  which  should  increas'’  the  forma¬ 
tion  probability,  while,  on  the  other  hand,  preference  of  nuclear  alignment  at 
B=90’  [26]  will  have  the  reverse  effect.  Despite  its  shortcomings  the  model  makes 
an  important  prediction  on  the  excitation  function  of  the  process:  At  energies 
far  below  the  potential  barrier,  resonances  are  too  narrow  to  be  excited,  and  the 
cross  section  for  long  delayed  scattering  events  is  negligible.  Far  above  the 
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barrier,  the  beam  can  only  hit  the  high-lying  short  lived  resonances.  Therefore 
the  excitation  function  of  the  positron  line  should  be  narrow. 

6.3  Problems  and  Speculations 

The  hypothesis  of  giant  nuclear  molecule  formation  has  been  quite  successful 
to  explain  the  monoenergetic  positron  emission  in  the  U+Cm  system.  There  is,  how¬ 
ever,  a  serious  problem  with  this  model :  It  does  not  in  a  natural  way,  predict  the 
energetic  position  of  the  positron  line  for  different  heavy  ion  systems.  This  is 
demonstrated  in  Figure  4b,  where  we  have  assumed  that  in  all  cases  the  same  type 
of  nuclear  reaction  takes  place.  The  extension  of  the  nuclear  molecule  was  deter¬ 
mined  by  the  requirement  of  half  density  overlap  of  the  nuclear  surfaces.  Within 
the  Hartree-Fock-Slater  (HFS)  formalism,  assuming  50-fold  ionisation  of  the  qua¬ 
simolecules,  the  binding  energies  of  the  molecular  Iso  states  are  1080  keV  for 
Th+Th,  1135  keV  for  U+Th,  1195  keV  for  U+U,  1270  keV  for  Th+Cm,  and  1340  keV  for 
U+Cm.  Assuming  equal  conditions  for  the  nuclear  reaction  process  and  the  parame¬ 
ters  used  to  explain  the  U+Cm  spectrum,  the  model  of  spontaneous  positron  pro¬ 
duction  from  a  giant  nuclear  molecule  predicts  a  shift  of  the  positron  line  and  a 
distinct  reduction  in  intensity  (due  to  the  smaller  spontaneus  decay  width  T)  if 
Z  is  decreased.  [This  reduction  in  intensity  could  be  avoided  if  the  life-time  of 
the  nuclear  system  were  very  large,  so  that  in  all  cases  a  large  fraction  of  the 
K-holes  present  5%)  were  emitted  as  positrons,  irrespective  of  the 

spontaneous  decay  width.] 

The  expected  relation  between  the  positron  line  energy  and  the  total  nuclear 
charge  is  shown  in  Figure  9  for  three  different  assumptions  on  the  nuclear  con¬ 
figuration.  (In  the  absence  of  electron  screening,  the  curves  would  be  shifted  by 
about  100  keV  towards  higher  energy.)  Obviously  the  expected  trend  is  not  in 

Figure  9:  Summary  of  positions  of 
observed  positron  lines  in  the 
experiments  on  the  EPOS  (o)  [12,13] 
and  ORANGE-spectrometers  (□)  [10]  as 
a  function  of  united  charge  The 

full  line  shows  the  theoretical  res¬ 
onance  energies  assuming  a  nuclear 
molecule  at  half  density  surface 
overlap  for  the  most  elongated  con¬ 
figuration,  the  long-dashed  line 
stands  for  the  bel ly-to-bel ly  con¬ 
figuration.  The  dashed  line  repres¬ 
ents  calculations  for  the  most 
amalgamated  configuration  of  a 
spherical  nucleus  of  normal  nuclear 
density  Electron  screening  has 
been  included  within  the  HFS  method, 
assuming  50-fold  ionization. 

accordance  with  the  experimental  data.  The  sets  of  data  points  from  the  EPOS  and 
the  ORANGE  group  essentially  are  Z-independent,  while  they  show  systematic  devi¬ 
ations  from  each  other. 

Presently  only  speculations  on  the  reason  for  the  observed  systematics  of  line 
energies  can  be  given. 

1.  It  is  possible  that  the  shape  of  the  giant  nuclear  complex  strongly  depends  on 
the  nucleon  number  and  is  more  spherica'  for  smaller  nuclei.  The  nuclear  matter 
properties  in  the  region  A  =  480  could  be  radically  different  from  that  known  from 
ordinary  nuclei.  In  particular,  the  compressibility  may  be  strongly  altered  due 
to  the  quark  degree  of  freedom  [27]. 

2.  It  is  conceivable  that  in  all  collisions  the  same  nucleus  is  formed  (probably 
by  fast  o-emission),  followed  by  spontaneous  positron  production  characterized  by 
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the  charge  of  the  residual  nucleus. 

3.  Part  of  the  positron  lines  may  be  of  different  origin.  If  we  want  to  stay  in 
accordance  with  the  evidence  for  emission  from  the  center  of  mass  system  (cf. 
Sect.  4)  one  possible  supplementary  mechanism  is  conversion  in  the  nuclear  com¬ 
pound  system. Oue  to  the  relativistic  shrinkage  of  the  wavefunctions,  such  a  mech¬ 
anism  can  be  very  fast,  contrary  to  what  we  are  used  to  in  ordinary  nuclei.  Figure 
10  shows  results  of  an  illustrative  quantum  mechanical  calculation  [28]  of  such  a 
process.  Energy  is  transferred  from  a  transition  between  two  states  in  a  nuclear 
potential  pocket  to  the  positron  producing  a  second  peak  of  appreciable  intensi¬ 
ty.  In  this  way  the  spontaneous  positron  emission  can  be  accompanied  by  'satel¬ 
lite  peaks'  at  higher  or  lower  energy  (if  energy  is  absorbed  by  the  nucleus), 
quite  analogous  to  the  Stokes  and  Anti-Stokes  lines  known  from  molecular  physics. 
Note  that  the  process  of  conversion  in  the  compound  system  does  not  depend  on  the 
presence  of  spontaneous  positron  creation  and  can  be  present  also  in  subcritical 
systems. 


Figure  10;  Scattering  potential  of  a  U+U  collision  system  and  resulting 

positron  spectrum  showing  two  line  structures  which  originate  from  different  pro¬ 
cesses.  The  first  peak  at  E  +  =  200  keV  originates  from  the  spontaneous  decay  of 

a  hole  in  the  supercritical  Is  state.  The  second  peak  at  E^*  =  1200  keV  emerges 

due  to  conversion:  the  energy  set  free  in  a  transition  between  two  states  in  a 
potential  pocket  is  transferred  to  the  positron  [28]. 


None  of  these  speculations  up  to  now  has  be  put  on  a  firm  basis.  In  part  this 
is  due  to  the  incompleteness  of  the  presently  available  experimental  data.  Let  us 
mention  some  of  the  problems:  (1)  A  slowly  varying  excitation  function  was  found 
by  the  ORANGE  group,  while  it  seems  to  be  very  sharply  peaked  at  the  Coulomb  bar¬ 
rier  according  to  the  EPOS  experiment.  (2)  The  energetic  positions  show  system¬ 
atic  deviations  between  both  groups.  (3)  It  is  not  clear  whether  there  are 
significant  line  structures  in  subcritical  collision  systems.  (4)  The  dependence 
on  the  heavy  ion  scattering  angle  and  the  role  played  by  the  'kinematic  cuts'  in 
the  EPOS  experiment  is  not  fully  understood. 


7  SUMMARY 

The  gross  features  of  positron  creation  in  heavy  ion  collisions  can  be  well 
understood  within  the  quasimolecular  model.  They  reflect  the  action  of  the 
strong  nuclear  Coulomb  field  and  are  dominated  by  relativistic  effect.  In  add^- 
tion  to  these  features  two  experimental  groups  have  discovered  stiking  narrow 
structures  in  the  positron  spectra  at  bombarding  energies  close  to  the  Coulomb 
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barrier.  All  the  experimental  evidence  collected  up  to  now  strongly  suggests  that 
the  effect  does  not  have  a  trivial  explanation  in  terms  of  pair  conversion  in  the 
separating  excited  nuclei.  On  the  basis  of  this  experimental  evidence,  we  are 
compelled  to  search  for  nonconventional  explanations.  Only  two  mechanisms  have 
been  found  which  in  principle  are  able  to  explain  the  positron  line,  both  having 
quite  radical  consequences. 

The  hypothesis  that  a  new  elementary  particle  of  mass  1.68  MeV  has  been  found 
(Sect.  5)  is  highly  improbable  since  the  coupling  constants  required  to  explain 
the  measured  positron  cross  section  are  much  too  large  to  be  reconciled  with 
established  high  precision  data.  If  one  does  not  take  recourse  to  the  assumption 
of  a  nonlinear  coupling  to  other  matter  fields,  the  hypothesis  can  be  ruled  out. 

We  are  left  with  the  explanation  that  the  observed  effect  originates  from  a 
giant  nuclear  complex  with  a  lifetime  T=  10-*’  s  (Sect.  6).  The  decay  of  the  QED 
vacuum  in  supercritical  fields  then  provides  a  natural  mechanism  for  mono¬ 
chromatic  positron  emission.  This  interpretation  of  the  data,  however,  is  beset 
with  the  problem  that  it  does  not  in  a  natural  way  predicts  the  observed  nearly 
constant  line  energy.  Unusual  and  presently  not  understood  properties  of  the 
giant  nucleus  have  to  be  invoked.  Particularly  in  view  of  several  discepancies 
between  the  results  of  the  different  experiments,  we  have  to  conclude  that  a  fully 
consistent  picture  of  positron  creation  in  heavy  ion  collisions  which  can  explain 
all  the  experimental  data  has  not  yet  emerged. 
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Narrow  peaks  are  observed  in  the  positron  energy  distributions  of  five 
supercritical  collision  systems  with  combined  nuclea-  charge 
180  <  Zu  5  188.  The  peaks  appear  to  be  produced  in  a  narrow  range  of  pro¬ 
jectile  energies  near  the  Coulomb  barrier.  Several  observations  exclude 
nuclear  internal  pair  conversion  as  a  source  of  the  peaks.  A  particularly 
notable  feature  is  an  apparent  independence  of  the  peak  energy  on  Zj.  A 
similar  peak  is  observed  in  a  subcritical  collision  system.  These  observa¬ 
tions  are  discussed  in  the  context  of  the  spontaneous  decay  of  the  QED  vac¬ 
uum  and  other  new  potential  sources  of  line  positron  spectra. 


1.  INTRODUCTION 

We  have  conducted  a  series  of  experiments  (1)  in  the  last  years  to  systemat¬ 
ically  study  the  production  of  anomalous  peak  structures  in  the  energy  distrib¬ 
ution  of  positrons  emitted  in  superheavy  collision  systems.  The  experiments  were 
undertaken  to  determine  the  origin  of  the  peaks,  with  particular  emphasis  on 
their  possible  connection  to  spontaneous  positron  production.  This  process  is 
predicted  (2)  to  occur  when  a  vacant  electronic  state  becomes  supercritical ly 
bound  to  a  nuclear  charge  distribution  with  a  binding  energy  greater  than  2mc* . 
An  unstable  electron-positron  vacuum  state  is  then  created  which  decays  spontane¬ 
ously  by  positron  emission  if  the  supercritical ly  bound  state  is  unoccupied. 

The  motivation  for  this  study  was  particularly  the  discovery  (3)  of  a  narrow 
peak  in  the  energy  distribution  of  positrons  emitted  from  the  U+Cm  collision  sys¬ 
tem  associated  with  a  particular  particle  scattering-angle  region,  as  shown  in 
Figure  1,  part  (a).  (Peak  structures  have  also  been  reported  in  another  investi¬ 
gation  (4).)  The  region  has  been  empirically  chosen  to  enhance  the  peak  relative 
to  the  underlying  smooth  continuum  of  positrons  dynamically  produced  during  the 
collision,  and  takes  advantage  of  an  apparent  shift  in  the  kinematic  correlations 
of  the  scattering  events  associated  with  the  peak  relative  to  the  dominant  Ruth- 
erf  ord-scattering  events.  Part  (b)  shows  a  neighboring  angular  region  where  the 
peak  is  absent,  demonstrating  that  the  peak  is  not  a  trivial  apparatus  effect. 
The  peak  appears  at  a  positron  kinetic  energy  of  316  +  10  keV  with  a  measured 
width  of  about  80  keV.  Calculations  (5,6)  of  the  binding  energy  of  the  innermost 
electron  for  a  di-nuclear  complex  consisting  of  an  uranium  and  a  curium  nucleus 
side  by  side  reproduced  this  energy.  The  width  of  the  peak  Implies  a  source  liv¬ 
ing  2  10"*"  s,  or  more  than  10  times  longer  than  the  Rutherford-scattering  colli¬ 
sion  time.  At  the  same  time,  the  width  is  consistent  with  the  Doppler  broadening 
expected  for  a  source  moving  with  the  velocity  of  the  center  of  mass  of  the  two 
colliding  nuclei.  In  addition,  the  appearance  of  the  peak  in  a  narrow  range  of 
bombarding  energies  near  the  Coulomb  barrier,  its  apparent  association  with  scat¬ 
tering  events  differing  in  their  particle  scattering-angle  dependence  from  the 
dominant  Rutherford-scattering  events,  and  the  absence  of  lines  in  the  simultane¬ 
ously  measured  gamma-ray  and  electron  spectra  had  prompted  the  suggestion  (5) 
that  the  line  could  be  due  to  spontaneous  positron  emission  enhanced  (7)  by  the 
formation  of  long-lived,  di-nuclear  molecular  complexes  in  these  collisions  near 
the  Coulomb  barrier. 
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FIGURE  1 

Positron  energy  distribution  observed  for  the  U+Cm  collision  system  at  a  projec¬ 
tile  energy  of  6.05  MeV/u.  Parts  (a)  and  (b)  are  associated  with  two  neighboring 
regions  of  particle  scattering  angles,  as  described  in  the  text.  The  dashed 
lines  represent  a  fitted  sum  of  the  nuclear  positron  background  deduced  from 
K-ray  spectra  and  a  theoretical  calculation  (16)  of  the  dynamic  positron  pro¬ 
duction. 


The  experimental  study  that  we  have  undertaken  concentrated  on  two  aspects 
that  have  a  direct  bearing  on  the  hypothesis  of  spontaneous  positron  production. 
Spontaneous  positron  emission  would  clearly  imply  emission  from  the  center  of 
mass  of  the  colliding  nuclei  as  opposed  to  either  of  the  two  collision  partners. 
In  addition,  theoretical  calculations  (5)  predict  a  strong,  ZJ,"  dependence  on  the 
combined  nuclear  charge  for  the  energy  of  the  peak,  a  change  in  energy  that  would 
be  readily  observable  even  with  the  restricted  range  of  available  targets  and 
heavy-ion  beams. 

The  experiments  were  carried  out  with  the  UNILAC  heavy-ion  accelerator  at  GSI 
Darmstadt  and  the  EPOS  spectrometer  (8)  depicted  in  Figure  2.  The  positron  spec¬ 
trometer  uses  the  axial  focussing  property  of  a  solenoidal  magnetic  field  for 
charged  particles  together  with  a  baffle  system  and  an  annihilation  radiation 
detector  to  provide  a  large  detection  efficiency  for  positrons  while  suppressing 
the  huge  gamma-ray  and  electron  backgrounds.  Two  position-sensitive, 
parallel-plate,  avalanche  particle  detectors  determine  the  kinematic  parameters 
for  each  collision,  allowing  the  isolation  of  interesting  scattering  events.  The 
background  of  positrons  from  the  internal  pair  conversion  of  excited  nuclear 
states  is  calculated  from  the  gamma-ray  flux  monitored  in  Nal(Tl)  detectors.  The 
possibility  of  structure  in  the  positron  energy  spectrum  from  the  internal  pair 
conversion  of  strong,  isolated,  nuclear  transitions  is  checked  with  the  gamma-ray 
measurement  and  the  detection  of  electrons  in  a  planar  S1(L1)  detector  axially 
mounted  behind  the  magnetic  mirror  field  on  the  opposite  arm  of  the  solenoid  as 
the  positron  detector. 
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FIGURE  Z 

Schematic  view  of  the  EPOS  spectrom.^ter  (upper  panel)  and  a  perspective  drawing 
of  the  main  components  (lower  panel). 


2.  POSITRON  PEAKS  IN  SUPERCRITICAL  SYSTEMS 

2.1.  Similar  PeaKs  Observed  in  All  Measured  Supercritical  Systems 

The  positron  production  was  measured  in  five  different  collision  systems  that 
span  the  supercritical  range  of  combined  nuclear  charge  e  Zp  +  Zj  from  188 
down  to  180.  The  systems  studied  were  +  ’“’•Cm  (Zy  =  188),  *’'Th  +  ***Cm 
(186),  ”*U  +  ”*U  (184),  ’”Th  +  ”*U  (182),  and  >”Th  +  '”Th  (180).  In  each 
case  the  projectile  kiietic  energy  was  scaled  from  the  original  U+Cm  measurement 
to  produce  the  same  partial  overlap  of  the  deformed  nuclear-density  distributions 
in  a  head-on,  end-to-end  collision.  The  measured  positron  energy  distributions 
are  shown  in  Figure  3.  (Part  (a)  repeats  the  plot  of  Figure  1  and  part  (b)  shows 
a  remeasurement  of  the  same  system  with  Improved  detection  eficiency.)  In  each 
plot  a  prominent  peak  is  visible  above  the  dynamic  continuum.  Again,  kinematic 
constraints  similar  to  those  described  above  have  been  applied  to  enhance  the 
peak  relative  to  the  dynamic  background.  As  is  apparent,  the  energy  and  width  of 
the  peak  is  nearly  the  same  in  all  systems. 
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FIGURE  3 

Positron  energy  distributions  for  the  five  collision  systems  and  projectile  ener¬ 
gies  indicated.  Kinematic  constraints  have  been  chosen  as  discussed  in  the  text. 


2.2.  Nuclear  Internal  Pair  Conversion 

Since  an  obvious  trivial  source  of  positrons  In  heavy-ion  collisions  is  the 
Internal  pair  conversion  of  nuclear  states  excited  during  the  collision,  we  have 
Investigated  this  possibility  by  a  study  of  the  lineshape  of  the  positron  peak, 
and  of  the  simultar'-ously  measured  gamma-ray  and  electron  distributions.  Both 
normal  internal  pair  conversion  (IPC)  and  the  rare  monoenergetic  internal  pair 
conversion  (MIPC)  process  have  been  considered.  In  the  second  case,  the  electron 
is  captured  into  a  vacant  electron  orbital  (predominantly  the  close-lying 
K-shell)  leaving  the  positron  in  a  state  of  well-defined  energy.  In  both  cases, 
however,  the  experimental  data  speak  against  a  nuclear  origin  for  the  positron 
peaks. 

To  begin  with,  the  narrow  width  alone  of  the  peaks  of  ~  70  keV  effectively 
excludes  normal  IPC  in  either  of  the  two  colliding  nuclei,  since  this  process 
produces  a  triangular-shaped  positron  energy  distribution  with  a  width  (FWHM)  of 
-  150  keV  at  the  peak  energy  of  ~  340  keV. 

Moreover,  IPC  would  compete  with  the  internal  conversion  of  an  electron  for  an 
EO  nuclear  transition  or  with  gamma-ray  emission  for  all  higher  multipolarity 
transitions.  Electron  and  gamma-ray  spectra  measured  simultaneously  with  the 
positron  distributions  shown  above  in  Figure  3,  however,  show  no  structure  con¬ 
sistent  with  an  explanation  of  the  positron  peak  if  due  to  IPC.  Figure  4  shows 
the  electron  spectrum  (histogram)  measured  for  the  U+Cm  collision  system  simulta¬ 
neously  and  under  the  same  kinematic  constraints  as  the  positron  spectrum  in  Fig¬ 
ure  3(b)  above.  The  solid  line  indicates  the  structure  which  must  be  present  to 
account  for  the  intensity  of  the  peak  In  the  positron  spectrum  by  IPC  of  an  EO 
transition  (9).  Figure  5(a)  shows  the  same  calculation  for  the  measured 
gamma-ray  spectrum  for  El  (dashed  line)  and  E2  (solid  line)  (10).  Higher  multi- 
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polarity  transitions  have  smaller  IPC  coefficients  and  would  require  even  larger 
structures  in  the  gamma-ray  spectrum. 

The  same  calculation  for  the  case  of  monoenergetic  internal  pair  conversion  is 
show  for  EO  transitions  as  the  dotted  line  in  Figure  4  and  for  El  and  E2  transi¬ 
tions  in  Figure  5(b)  (11).  Since  in  this  case  the  capture  of  the  electron  of  the 
internally  converted  pair  requires  a  vacancy,  some  assumption  about  the  vacancy 
production  is  necessary.  The  very  fact  that  the  typical  lifetime  of  a  K-shell 
vacancy  in  heavy  ions  of  -  10'*’  s  (12)  is  about  four  or  five  orders  of  magnitude 
shorter  than  the  typical  conversion  time  of  ~  10'*’  to  lO"”  s  implies  that  this 
process  must  be  strongly  surpressed.  The  calculations  shown  in  Figures  4  and 
5(b)  assume  one  K-shell  vacancy  on  the  average  still  present  at  the  time  of  the 
conversion,  even  though  the  considerations  above  imply  that  s  10'*  is  more  real¬ 
istic.  A  more  detailed  calculation  shows  that  on  the  average  nearly  two  vacan¬ 
cies  must  live  for  2  10*  the  normal  K-shell  vacancy  lifetime  to  account  for  the 
positron  peak  by  MIPC.  The  absence  of  large  enough  structure  in  either  the  elec¬ 
tron  or  the  gamma-ray  spectrum  seems  to  rule  out  a  nuclear  origin  for  the  posi¬ 
tron  peak. 


Electron  energy  distribution  for  the 
U+Cra  collision  system  at  a  projectile 
energy  of  6.05  MeV/u.  The  kinematic 
constraints  match  those  of  Figure  3(b). 
The  dashed  line  is  a  calculation  of  the 
needed  Intensity  to  explain  the  positron 
peak  in  Figure  3(b)  by  IPC,  the  dotted 
line  that  by  MIPC. 
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FIGURE  5 

Gamma-ray  energy  distribution  for  the 
U+Cm  collision  system  at  a  projectile 
energy  of  6.05  MeV/u.  The  kinematic 
constraints  match  those  of  Figure  3(b). 
The  lines  in  part  (a)  are  a  calculation 
of  the  needed  intensity  to  explain  the 
positron  peak  in  Figure  3(b)  by  IPC  of 
an  El  (dashed)  or  E2  (solid)  transition. 
A  similar  calculation  is  shown  in  part 
(b)  for  MIPC. 
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2.3.  Velocity  of  the  Emitting  System 

The  Doppler-broadened  width  of  the  positron  peak  also  provides  information  on 
the  velocity  of  the  positron  emitter  system.  If  the  positron  production  is 
roughly  isotropic  in  the  coordinate  system  of  an  emitter  which  is  moving  along 
the  beam  direction,  and  since  the  solenoidal  positron  transport  system  lies  per¬ 
pendicular  to  the  beam  axis,  the  main  Doppler  effect  is  a  broadening  4E  =  EpTpg* 
of  the  positron  line  shape  proportional  to  the  emitter  velocity,  with  only  a 
small  Doppler  shift  fiE  =  ( J'-l)(Ee-+mc’).  As  an  example,  the  line  shape  measured 
in  the  laboratory  for  monoenergetic  positron  emission  with  Ee+  =  315  keV  in  the 
center  of  mass  (CM)  of  the  U+Cm  collision  system  at  a  bombarding  energy  of  6.05 
MeV/u  (cf.  Figure  3(a)  above)  Is  shown  as  the  solid  line  in  Figure  6.  The  dotted 
line  shows  the  expected  lineshape  including  the  effects  of  the  positron  detection 
system.  (The  dip  in  the  middle  of  the  line  shape  is  due  to  reduced  detection 
efficiency  for  positrons  emitted  along  the  solenoid  axis  which  pass  through  the 
mirror  field  or  strike  the  center  of  the  electron  baffle  system.  Note  that  this 
line  shape  must  also  be  folded  with  the  response  function  of  the  Si(Li)  positron 
detector.)  The  main  effect  on  the  315  keV  line  is  clearly  a  Doppler  broadening  of 
73  keV,  with  a  shift  of  only  1.3  keV. 

To  confirm  these  calculations,  the  line  shape  has  been  measured  by  observing 
the  internal  conversion  electron  lines  from  short-lived  states  of  ”‘Ba  formed  in 
the  nuclear  reaction  *^C(  * “Sn ,4n) “‘Ba*.  The  results  of  the  measurement  made 
with  a  beam  of  “*Sn  on  carbon  foils  at  a  bombarding  energy  of  5.86  MeV/u 
(B(;[n  =  0.101  for  ^*‘Ba)  is  shown  in  Figure  7.  The  solid  and  dashed  lines  show  the 
results  of  a  ray-tracing  calcualtion  of  the  expected  electron  line  shape  in  the 
laboratory.  As  can  be  seen,  the  overall  agreement  is  very  good.  The  calculated 
width  of  109  keV  for  the  most  prominent  structure  (K-conversion  of  the  2*-'  O'*” 
transition  in  “‘Ba)  is  in  excellent  agreement  with  the  measured  value  of  107  ±  5 
keV. 


FIGURE  6 

The  laboratory  lineshape  (solid  line)  of 
monoenergetic  positron  emission  with 
Eg.  =  315  keV  in  the  CM  of  the  U+Cm  col¬ 
lision  system  at  a  projectile  energy  of 
6.05  MeV/u.  The  dashed  line  shows  the 
lineshape  measured  by  the  EPOS  spectrom¬ 
eter. 


E*.  [keV] 


FIGURE  7 

Electron  energy  distribution  for  the 
“•Sn  +  '’C  collision  system  at  a  pro¬ 
jectile  energy  of  5.86  MeV/u.  The 
observed  structures  are  electron  con¬ 
version  lines  in  **‘Ba.  The  lines  are 
Monte  Carlo  calculations  of  the  expected 
laboratory  electron  lineshape. 
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If  we  assume  for  the  sake  of  illustration  that  the  positron  emission  comes 
from  either  the  center  of  mass  of  the  collision  system  or  from  one  of  the  scatter¬ 
ing  nuclei,  the  Doppler-broadened  width  of  the  positron  peak  can  be  used  to  dis¬ 
tinguish  between  these  two  cases  by  measuring  the  width  as  a  function  of  the 
scattering  angle  of  one  of  the  nuclei.  (The  minimum  Doppler-broadening,  for 
emission  from  the  CM,  of  ~  70  keV,  dominates  the  ~  12  keV  intrinsic  resolution  of 
the  S1(Li)  positron  detector.)  The  dash-dot  line  in  Fig.  8  shows  the  constant 
width  as  a  function  of  scattering  angle  expected  for  emission  from  the  CM  while 
the  dashed  lines  show  the  angular  dependence  for  emission  from  the  projectile  or 
the  target  nucleus,  respectively  (depicted  as  the  ratio  to  the  constant  CM 
width).  The  measured  data  points  are  from  the  two  collision  systems  U+Cm  (cir¬ 
cles)  and  Th+Cm  (squares),  which  are  sufficiently  asymmetric  in  mass  to  allow  an 
unambiguous  kinematic  determination  of  the  nuclear  scattering  angles.  The  meas¬ 
ured  width  of  the  positron  line  is  nearly  constant  as  a  function  of  angle  and  con¬ 
sistent  in  magnitude  with  emission  from  an  object  moving  with  the  CM  velocity 
rather  than  from  either  of  the  separate  nuclei. 

It  must  be  stressed  that  the  conclusions  reached  above  follow  only  under  the 
assumption  that  the  positron  emission  comes  from  either  the  CM  of  the  collision 
system  or  from  one  of  the  detected  scattered  nuclei.  Other  possibilities  to  pro¬ 
duce  a  narrow  positron  line  involving  the  isotropic  creation  of  a  positron  source 
in  the  CM  with  a  broad  distribution  of  velocities  including  low  velocity  compo¬ 
nents  will  be  discussed  below. 

2.4.  Z-dependence  of  the  Peak  Energy 

Probably  the  most  notable  feature  of  the  data  assembled  in  Figure  3,  however, 
is  the  apparent  constancy  of  the  energy  of  the  main  peak  observed  in  all  colli¬ 
sion  systems.  This  is  summarized  in  Figure  9,  where  the  peak  energy  is  plotted 
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FIGURE  8 

The  measured,  Doppler-broadened  width 
of  the  positron  peak  in  the  6.05  MeV/u 
U+Cm  (circles)  and  the  6.02  MeV/u  Th+Cm 
(squares)  collision  systems  is  plotted 
against  the  projectile  scattering 
angle.  The  lines  show  the  calculated 
width  for  emission  from  the  projectile, 
recoil,  and  CM  system,  as  indicated, 
expressed  as  a  fraction  of  the  CM  width. 


FIGURE  9 

The  mean  energies  of  the  positron  peaks 
in  FIGURE  3  are  plotted  as  a  function  of 
Zu-  The  calculated  (5)  lines  are 
described  in  the  text. 
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against  the  combined  nuclear  charge,  2g.  A  simple  average  of  the  peak  energies 
is  336  ±  10  keV.  Also  shown  are  the  theoretical  predictions  (5)  for  spontaneous 
positron  production  from  a  nuclear  complex  living  long  enough  (>  10'*’  s)  to 
account  for  the  narrow  width  of  the  peak.  The  three  different  calculated  lines 
demonstrate  not  only  the  strong  dependence  of  the  peak  energy  on  Zu,  but  also 
show  its  dependence  on  the  nuclear  configuration  and  the  screening  effects  of 
atomic  ionization.  Lines  (a)  and  (b)  give  the  limiting  cases  of  nuclear  config¬ 
uration  for  the  expected  ionization  of  about  SO'*’.  Line  (a)  shows  the  Zy-depend- 
ence  for  two  deformed  nuclei  sticking  together  end-to-end,  separated  by  17  fm, 
while  line  (b)  shows  the  dependence  assuming  the  two  nuclei  have  coalesced  into  a 
spherical  form.  Line  (c)  demonstrates  the  additional  effect  of  screening  un^er 
the  assumption  that  all  electrons  are  stripped  away  from  the  spherical  nuclear 
configuration . 

Clearly  the  observed  peaks  can  be  accomodated  within  a  scenario  based  on  spon¬ 
taneous  positron  production  only  if  the  nuclear  configuration  and  the  atomic  ion¬ 
ization  should  track  with  Z^,  in  such  a  way  as  to  produce  a  nearly  constant  binding 
energy  for  the  Iso  electron  state  that  should  be  responsible  for  the  positron 
peak.  In  addition,  the  colliding  nuclei  must  somehow  coalesce  into  a  spherical 
form  and  re-emerge  in  a  way  that  reproduces  the  two-body  kinematics  of  Rutherford 
scattering  in  order  to  satisfy  our  kinematic  constraints.  The  alternate  possi¬ 
bility  of  forming  the  same,  particularly  stable,  spherical  nuclear  complex  in  all 
these  collision  systems  is  excluded  by  the  requirement  that  Zu  s  180,  in  which 
case  enough  nucleons  must  be  ejected  from  the  heavier  collision  systems  to  fall 
outside  the  kinematic  constraints  applied  to  produce  the  spectra  in  Figure  3  (un¬ 
less  the  ejected  nucleons  nave  highly  assymetric  angular  distributions).  The 
posibility  (13)  of  forming  a  narrow  positron  peak  from  the  fast  (~  10"”  s) 
internal  pair  conversion  of  a  transition  in  a  composite  nuclear  complex  formed 
during  the  collision  suffers  from  the  need  for  a  dominating  transition  of  nearly 
the  same  energy  in  all  the  different  collision  systems. 


3.  POSITRON  PEAKS  IN  SUBCRITICAL  SYSTEMS 

Because  of  these  difficulties  with  an  explanation  for  the  peak  based  on  spon¬ 
taneous  positron  production,  we  have  recently  extended  our  measurements  to  the 
subcritical  system  ’”Th  +  ‘‘‘Ta  with  Zu  =  163,  well  below  the  spontaneous  thres¬ 
hold  of  Zcrit  *  173  (14)  predicted  for  normal  nuclear  density.  Scaling  the  beam 
energy  as  described  above  and  using  similar  kinematic  constraints  produces  the 
positron  energy  distribution  shown  in  Figure  10,  A  peak  structure  with  approxi¬ 
mately  the  same  energy  and  width  as  those  seen  in  the  supercritical  systems 
described  above  is  evident. 

A  more  careful  analysis  is  necessary  here  because,  contrary  to  all  the  super¬ 
critical  collision  systems  considered  above,  in  this  case  structure  is  found  in 
the  gamma-ray  spectrum  which  allows  a  possible  contribution  to  the  positron  peak 
from  the  internal  pair  conversion  of  a  nuclear  transition.  The  structure  in  the 
gamma-ray  spectra,  which  appears  most  prominently  for  particle  scattering  angles 
associated  with  far  collisions,  does  not  seem  to  be  correlated  in  scattering 
angle,  however,  to  the  prominent  peak  in  the  positron  distribution.  Indeed,  the 
structure  is  barely  visible  in  Figure  11  in  the  gamma-ray  distribution  with  the 
same  kinematic  constraints  as  the  positron  spectrum  of  Figure  10.  An  analysis 
similar  to  that  described  above  for  the  U+Cm  collision  system  in  Figure  5  is 
shown  by  the  dashed  and  dotted  lines  in  Figure  11  (which,  as  above,  give  the 
required  absolute  gamma-ray  intensity).  It  can  be  seen  that  also  in  this  sub¬ 
critical  collision  system,  there  is  not  enough  intensity  evident  in  the  gamma-ray 
spectrum  to  account  consistently  for  all  of  the  positron  peak  by  nuclear  proc¬ 
esses. 

In  addition,  the  reverse  analysis  of  calculating  from  the  intensity  of  the 
gamma-ray  line  the  corresponding  contribution  through  internal  pair  conversion 
to  the  positron  emission,  indicates  that  IRC  of  an  El  transition  can  account  for 
no  more  than  25  ±  10  %  of  the  positron  peak  intensity,  as  well  as  requiring  much 


Anomalous  Positron  Peaks  from  Superheavy  Collision  Systems 


-’13 


T - ' - 1 - ’ - r 


Ee,  I  keV  ) 


FIGURE  1C 

Positron  energy  dlstritjtion  for  the 
Th+Ta  collision  system  at  a  projectile 
energy  of  5.8  MeV/u.  Kinemat'c  con¬ 
straints  have  been  chosen  as  described 
in  the  text. 
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FIGURE  11 

Gamma-ray  energy  distibution  for  the 
Th+Ta  collision  system  at  a  projectile 
energy  of  5.8  MeV/u.  Kinematic  con¬ 
straints  match  those  of  Figure  10.  The 
lines  are  a  calculation  of  the  needed 
intensity  to  explain  the  positron  peak 
in  Figure  10  by  IPC  of  an  El  (dotted)  or 
E2  (dashed)  transition. 


too  broad  a  structure  in  the  positron  spectrum.  Higher  multipolarities,  of 
course,  can  account  for  even  less.  As  above  for  the  supercritical  '.ystems,  the 
electron  spectrum  shows  no  structure,  and  the  internal  conversion  of  an  EO  tran¬ 
sition  can  also  be  excluded  as  a  source  of  the  positron  peak. 

There  is  thus  strong  evidence  that  the  same  positron  peak  seen  in  the  super¬ 
critical  collision  systems  is  also  present  in  a  subcritical  system.  This  would 
effectively  rule  out  spontaneous  positron  production  as  a  possible  source  of  all 
the  peaks  and  point  to  the  necessity  of  another  explanation. 


4.  POSITRON  L’NE  SHAPE  i-OR  A  TWO-BODY  DECAY 

The  similar  energy  of  the  positron  emission  in  all  the  different  collision 
systems  certainly  suggests  a  common  source.  A  ready  explanation  for  the  appar¬ 
ently  constant,  nearly  monoenergetic  positron  emission  would  be  the  two-body 
decay  of  an  undetected  source  produced  during  the  heavy-ion  collisions  or  in  the 
decay  of  an  excited  nuulear  state.  Two  obvious  possibilities  ate  a  neutral  par¬ 
ticle  which  decays  into  an  electron-positron  pair,  X°  +  e‘e-,  or  a  pair  of 
charged  particles  (15)  which  decay  into  a  lepton  pair,  X'*’  +  e*v  ind  X~  +  e-\i. 

In  either  case,  one  would  anticipate  a  range  of  velocities  for  the  undetected 
source,  as  opposed  to  the  constant  source  velocities  discussed  above.  As  the 
following  calculations  demonstrate,  however,  this  does  not  preclude  the  appea- 
rence  of  a  narrow  peak  in  the  positron  energy  distribution.  Under  the  very  gen¬ 
eral  conditions  that  the  velocity  distribution  of  the  source  contain  substantial 
low  velocity  components,  a  wel 1 -pronounced  peak  can  be  produced. 

In  the  following  schematic  calculation  it  is  assumed  that  a  source  of  monoen¬ 
ergetic  positrons  with  Ege  =  340  keV  is  produced  in  the  center  of  mass  of  the 
Th+Cm  collision  system  at  a  bombarding  energy  of  6.0  MeV/u.  In  the  CM  system,  the 
positron  source  is  taken  to  have  a  constant  distribution  of  velocities  in  veloci¬ 
ty-phase  space.  The  distribution  of  source  velocities  seen  in  the  laboratory 


414 


J.  Schweppe 


system  is  shown  in  Figure  12(a).  The  transformation  of  the  constant  velocity 
distribution  to  the  laboratory  produces  a  Jacobian  peak  at  p  =  Pcm  "  0.055  in  the 
laboratory  source-velocity  distribution  due  to  the  effective  boost  of  slower 
velocity  components  up  to  the  CM  velocity.  The  Doppler-shifted  lineshape  meas¬ 
ured  in  the  laboratory  of  the  isotropically  em’tted,  monoenergetic  positrons  is 
shown  in  Figure  12(b).  The  preponderence  of  laboratory  velocity  components  at 
S  =  Bern  leads  to  a  width  of  the  positron  peak  which  is  only  ~  10%  greater  than 
that  due  to  emission  directly  out  of  the  CM  system.  The  difference  in  widths  and 
the  higher  energy  tail  would  be  difficult  to  discern  in  the  present  data  with  any 
statistical  significance. 

The  exact  width  and  the  shape  of  the  high  energy  tail  depend  on  the  details  of 
the  velocity  distribution  of  the  positron  source.  In  general,  though,  a  signif¬ 
icant  contribution  of  low  velocity  components  is  enough  to  guarantee  a  narrow 
line  similar  in  width  and  shape  to  that  of  CM  emission.  Moreover,  high  velocity 
components  can  be  further  surpressed  if  the  lifetime  of  the  undetected  source  is 
long  enough  (>  10'*  s)  so  that  only  the  slower  moving  sources  remain  within  the 
-  1  cm  sensitive  region  of  the  positron  detection  system. 


5.  POSITRON-ELECTRON  COINCIDENCE  MEASUREMENT 

These  considerations  suggest  the  possibility  of  a  new  approach  to  explaining 
the  observed  positron  peaks.  The  experimental  verification  of  the  two-body  decay 
of  a  source  produced  in  superheavy  collisions  has  been  the  focus  of  our  most 
recent  efforts. 

The  signature  of  the  two-body  decay  of  a  neutral  particle  X°  ■*  e‘e-  would  be, 
for  example,  the  production  of  monoenergetic  electrons  in  coincidence  with  the 
peax  positrons.  To  this  end  we  have  recently  modified  our  experimental  apparatus 
to  measure  electrons  in  coincidence  with  positrons  in  superheavy  collision  sys- 


FIGURE  12 

Part  (a)  shows  the  laboratory  velocity  distribution  of  a  ositron  source  emitted 
with  a  constant  distribution  In  velocity-phase  space  in  the  CM  of  the  Th+Cm  col¬ 
lision  system  at  a  projectile  energy  of  6.0  MeV/u.  Part  (b)  shows  the  resulting 
laboratory  line  shape  for  monoenergetic  positron  emission  from  the  source  with 
Ee4=  340  keV. 
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terns.  To  measure  electrons  with  greater  efficiency,  two  planar  Sf(Li)  detectors 
have  been  mounted  off-axis  in  the  arm  of  the  solenoid  opposite  the  positron 
detector.  This  detector  arrangement  combines  high  detection  efficiency  for  the 
interesting  range  of  electron  energies  just  above  250  keV  with  a  very  sharp 
fall-off  in  detection  efficiency  below  this  energy  to  surpress  the  high  counting 
rate  of  low-energy  delta  electrons  copiously  produced  in  heavy-ion  collisions.  In 
addition,  the  solenoidal  magnetic  field  has  been  rearranged  to  provide  more  bal¬ 
anced  transport  of  positrons  and  electrons  to  the  respective  arms  of  the  sole¬ 
noid.  Experiments  are  presently  underway  to  look  for  monoenergetic  electron 
emission  in  coincidence  with  the  peak  positrons  produced  in  superheavy  collision 
systems . 


6.  SUMMARY 

The  present  experimental  situation  is  as  follows.  Narrow,  well-defined  peaks 
are  observed  in  the  energy  distribution  of  positrons  emitted  in  several  super¬ 
heavy  collision  systems  above,  and  in  one  probable  case,  well  below  the  critical 
combined  nuclear  charge  for  spontaneous  positron  production.  The  peak  energy  of 
~  340  keV  is  essentially  independent  of  Zy.  The  peak  width  of  -  70  keV  both 
implies  a  source  living  a  10'”  s  and  is  consistent  in  size  with  the  Doppler  broa¬ 
dening  of  a  source  moving  with  a  velocity  similar  to  that  of  the  CM  of  the  colli- 
son  systems.  The  peak  appears  to  be  produced  in  a  narrow  range  of  bombarding 
energies  near  the  Coulomb  barrier.  Nuclear  conversions  in  the  separated  nuclei 
are  convincingly  excluded  as  a  possible  source  of  the  peaks.  Spontaneous  posi¬ 
tron  production  silmilarly  has  difficulties  providing  a  consistent  picture  of  the 
peak  production.  Experiments  are  underway  to  investigate  new  suggestions  that 
the  peaks  might  be  due  to  the  two-body  decay  of  an  undetected  source  produced 
during  heavy-ion  collisions. 
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In  1.05  MeV/amu  Ar'*^  (q=4,12)  +  N^  collisions,  multiply  charged  secondary 
ions,  N®^  and  possibly  N^^,  have  been  observed.  These  multiply  charged 
atomic  ions  are  believed  to  originate  from  multiply  charged  molecular  ions 
such  as  or  N2'^^^  ions  which  in  turn  dissociate  into  two 

atomic  ions  with  fairly  symmetric  charge.  Slight  shifts  of  peak  positions 
in  the  charge/mass  spectra  toward  high  energy  side  for  n’*  ions,  compared 
with  those  for  C^  ions  from  CH^  targets  and  Ar’  ions  from  Ar  targets, 
indicate  that  the  product  n’*  ions  have  the  relatively  large  initial 
kinetic  energies  which  are  thought  to  be  due  to  the  Coulomb  explosions  of 
multiply  charged  molecular  ions. 

Since  Cocke  measured  the  cross  sections  for  multiply  charged  secondary  ions 
by  heavy  ion  impact^^,  a  number  of  the  investigations  on  production  mechanism 

of  multiply  charged  recoil  ions  in  energetic,  heavy  ion  impact  have  been 
2 1 

reported  .  We  have  also  reported  some  results  on  the  partial  ionization  cross 

sections  of  Ar^^  ion  production  in  1.05  MeV/amu  Ne'^^{q=2-10)  and  Ar''^(q=4-14) 

3) 

ion  impact  .  These  results  strongly  indicate,  in  addition  to  the  direct 
multiple  ionization  due  to  strong  Coulomb  interaction,  a  significant 
contribution  of  electron  capture  processes  to  production  of  such  multiply 

charged  recoil  ions  when  the  innershell  vacancies  of  the  projectile  ions  are 
4) 

brought  into  collisions  .  Up  to  now,  the  rare  gas  atoms  have  exclusively  been 
used  as  targets.  No  systematic  investigations  on  molecular  gas  targets  have 
been  reported. 

There  should  be  some  significant  difference  in  production  mechanisms  of 
multiply  charged  secondary  ions  among  atomic  targets  and  molecular  targets  in 
charged  particle  impact  such  as  electrons  and  heavy  ions.  In  fact,  though  in 
electron  impact  the  cross  sections  for  production  of  singly  charged  ions(Np*) 
from  nitrogen  molecules  are  nearly  the  same  as  those  of  singly  charged  Ar 

ions,  both  having  similar  ionization  potentials  of  the  outershell  electrons,  it 

2+ 

is  found  that  those  of  doubly  charged  N2  ions  observed  are  only  of  the  order 
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of  one  percent  of  those  of  N,*  ions,  whereas  those  of  Ar^*  ions  are  of  the 

^  +  5 ) 

order  of  10  percent  of  those  of  Ar  ions  This  is  easily  understood  from  the 

2+ 

fact  that  a  part  of  the  doubly  charged  N2  ions  produced  in  collisions  can  not 
reach  a  detector  because  they  break  up  with  finite  life  times  during  flight  to 
the  detector®^.  It  is  expected  that  the  life  times  of  such  multiply  charged 
molecular  ions  should  become  short  significantly  with  increasing  the 
multiplicity  of  ions  and  these  molecular  ions  quickly  dissociate  into  atomic 
ions  after  collisions.  In  reality,  up  to  now,  no  trace  of  the  triply  charged 

ions,  for  example  ions,  has  been  found  experimentally.  Daly  and  Powell 
^  3+ 

looked  for  the  triply  charged  N,  ’O'’*  in  electron  impact  with  the  sensitivity 
corresponding  to  as  low  as  10“^  cm^  but  found  no  evidence  for  them^^.  There 
is  no  information  on  characteristics,  such  as  the  energy  levels  or  life  times, 
of  multiply  charged  molecular  ions  except  for  those  of  doubly  charged  ions  like 
and  02^^^ 

Also  only  a  limited  number  of  informations  on  multiply  charged  atomic  ions 
produced  from  molecular  targets  are  available.  For  instance,  the  highest 

charoe  state  ions  directly  observed  in  charged  particle  impact  on  N,  targets 

3+  ^ 

are  N  ions.  Daly  and  Powell  claimed  to  determine  the  cross  sections  for 

3+ 

production  of  N  ions  by  electron  impact  on  N2  with  a  maximum  value  of 
2.5x10'^^  cm^  at  240  eV.  Edwards  et  al.  observed  ions  in  1  MeV  He^+  N2 
collisions  and  determined  their  energy  distribution  which  showed  a  maximum  at 
25  eV  and  was  extended  up  to  50  eV^\  They  did  not  discuss  the  detailed 
mechanism  for  production  of  ions. 

Some  dissociative  ionization  processes  resulting  in  production  of  multiply 
charged  atomic  ions  from  molecular  targets  have  been  investigated  by  Mann  et 
al.^®^  who  observed  the  broadening  of  the  Auger  electron  spectra  emitted  from 
the  metastable  Li-like  (Is2s2p)  P  N  ions  from  N2  target  in  1.40  MeV/amu  Ar‘‘ 
ion  impact.  This  broadening  in  N2  targets,  much  significant  compared  with  that 
in  NHj  targets,  has  been  explained  by  the  Doppler  broadening  due  to  the  kinetic 
energy  of  the  emitting  ions.  This  kinetic  energy  is  provided  by  the  Coulomb 
interaction  between  the  two  dissociating  ions  and  is  found  to  be  in  good 
agreement  with  the  ab  initio  self-consistent  field  calculation  by  Hartung  et 
al^^^.  These  experiments  and  calculations  have  confirmed  that  two  dissociating 
atomic  ions  have  the  same  or  nearly  the  same  ionicities,  indicating  that  the 
dissociation  of  multiply  charged  (diatomic)  molecular  ions  results  in  nearly 
symmetric  charge  distribution. 


Most  recently  Edwards  et  al.  reported  the  cross  sections  for  production  of 
the  fully  stripped  hydrogen  molecular  ions  (H2^^)  in  "v  1  MeV/amu  and  D^  ion 
impact  by  observing  two  protons  in  coincidence  with  two  detectors  placed  180° 
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12^  -*19  2  + 

relative  to  each  other  '  {5x10  cm  at  100  keV/amu  H  ion  impact,  decreasing 

with  increasing  the  impact  energy).  Their  results  indicate  a  fairly  symmetric 
+  2+ 

production  of  H  ions  from  H2  ions,  each  ion  emitted  into  the  opposite 
direction,  with  respect  to  the  projectile  direction. 

Bearing  the  above  discussion  in  mind,  we  have  investigated  the  charge 
distribution  of  ions  produced  in  1.05  MeV/amu  Ar*^^  (q=4,  12)  ion  impact  on 
molecular  targets.  The  experimental  apparatus  used  has  already  been  described 
in  detail^^.  Typical  examples  of  the  charge  spectra  of  ions  from  molecular 
targets  are  shown  in  Fig. 1(a).  In  these  spectra  are  seen  a  number  of  peaks 
corresponding  to  multiply  charged  nitrogen  atomic  ions  including  a  weak  peak  of 

ions  in  addition  to  a  dominant  peak  of  the  singly  charged  molecular 

2+  ^ 

ions.  The  doubly  charged  molecular  Np  ion  peak  is  overlapped  on  the  singly 

charged  atomic  N  ion  peak.  From  these  spectra  it  is  clearly  seen  that,  with 

increasing  the  projectile  charge  q,  the  relative  production  of  multiply  charged 

atomic  ions  is  strongly  enhanced,  as  observed  in  atomic  gas  target 
1  3) 

experiments  ’  '. 


) 


Fig.  1 

(a) Charge  spectra  of  nitrogen  ions 
produced  in  1.05  MeV/amu  Ar‘^^(q=4.12) 
ion  impact  on  targets.  An  arrow 
indicates  a  position  corresponding  to 

ions  with  M/e=9.33. 

(b) Expanded  charge  spectrum  of  nitrogen 

12+ 

ions  produced  in  1.05  MeV/amu  Ar  ion 
impact  on  (^^N2  ^^^2)  mixed  targets. 
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As  mentioned  already,  in  the  present  charge  spectra  is  found  no  trace  at 

M/e=9.33  corresponding  to  ions  (shown  by  an  arrow  in  Fig.  1(a)),  an 
3+  ^ 

indication  that  N,  ions  could  not  reach  the  detector.  More  detailed 

15  14 

charge/mass  spectrum  taken  with  a  mixture  of  N,  and  N,  gases  is  shown  in 
Fig.  1(b).  Clearly  peaks  corresponding  to  N  ions  can  be  seen.  Though  less 

clear  due  to  background  of  H,  ,  a  peak  originated  probably  from  the  fully 

•  •  X  15., 7+  .  . 

ionized  atomic  N  ions  is  seen. 

As  will  be  discussed  later  on,  the  atomic  ions  produced  from  molecular 
targets  might  have  relatively  large  kinetic  energies  due  to  the  Coulomb 
explosion.  Therefore,  no  complete  collection  of  atomic  ions  by  the 
present  extraction  system  with  low  fields  could  be  expected.  Hence,  no 
absolute  cross  sections  for  production  of  multiply  charged  atomic  ions  have 
been  determined  in  the  present  work.  It  is  found,  however,  that  the 
production  of  multiply  charged  atomic  ions,  relative  to  ions,  in  heavy  ion 
impact  is  enhanced,  compared  with  that  in  electron  impact  observed  by  Daly  and 
Powell  By  extrapolation  of  our  previous  measurement  of  total  ionization 
cross  sections  combined  with  the  present  spectra,  production  cross  section  for 
ions  in  1.05  MeV/amu  Ar^*^*  ion  impact  is  estimated  to  be  of  the  order  of 
10'^®  cm^. 

Mechanisms  responsible  for  production  of  multiply  charged  secondary  atomic 
ions  from  molecular  targets  are  expected  to  be  different  from  those  in  single 
atom  targets.  The  question  in  molecular  targets  is  whether  these  multiply 
charged  atom  ions  are  produced  in  ionization  processes  followed  by  the 
dissociation  or  they  are  produced  in  dissociation  processes  followed  by  the 
ionization.  In  this  respect,  the  collision  time  and  dissociation  time  seem  to 
be  the  important  factors.  The  collision  time  in  the  present  system  (projectile 

Q 

velocity  =  1.4  x  10  cm/s,  molecular  bond  length  =  1.0  A)  is  estimated  to  be  of 
the  order  of  lO'^^s,  whereas  the  dissociation  time  of  molecular  ions  which 
should  be  strongly  dependent  upon  their  ionicity,  is  10'^^  -v,  10'^®  s  though  no 
direct  measurements  of  the  dissociation  time  of  nitrogen  molecular  ions  have 
been  reported  yet.  These  numbers  indicate  that  the  dissociation  processes  are 
slow,  compared  with  the  ionization  processess.  Therefore,  the  dissociation 
into  atoms  followed  by  the  ionization  is  unlikely  to  be  dominant  in  production 
of  multiply  charged  atomic  ions.  Instead,  these  multiply  charged  atomic  ions 
are  believed  to  be  produced  through  production  of  multiply  charged  molecular 
ions  followed  by  the  dissociation  into  two  or  more  multiply  charged  atomic 
ions.  As  discussed  above,  with  increasing  the  ionicity  of  ions,  such  multiply 
charged  molecular  ions  are  quickly  dissociated  into  multiply  charged  atomic 
ions.  As  already  confirmed  by  Mann  et  al.^®^,  these  multiply  charged  molecular 
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ions  are  thought  to  be  less  likely  to  dissociate  into  ions  with  very  asytimetric 
charge  and,  then,  it  is  unlikely  that  a  low  charged  molecular  ion  dissociates 
into  a  multiply  charged  atomic  ion,  the  other  ion  being  at  lower  charge  state 
(see  the  following  discussion). 

From  the  above  discussion,  the  multiply  charged  atomic  ions,  for  example  N 
ions  observed  in  Fig.  1,  are  probably  produced  via  one  of  the  following 
dissociations  of  multiply  charged  molecular  ions: 


11+ 

-► 

+ 

12+ 

-► 

+ 

13+ 

+ 

or  via  the  dissociation  into  multiply  charged  ions  in  highly  excited  state 
followed  by  the  electron  emission  (i.e.,  autoionization): 


10+ 


(N®^)*  +  N 


5+ 


+  e 


+  N 


5+ 


One  of  other  possible  processes  which  should  be  taken  into  consideration  is 
based  upon  the  fact  that,  at  high  energy  collisions,  the  (diatomic)  molecules 
can  often  be  assumed  to  consist  of  (two)  independent  atoms.  Under  this 
assumption,  the  projectiles  collide  with  one  of  them,  which  is  ionized  to,  for 
example  the  other(s)  being  a  spectator  which  has  no  interaction  with  the 

projectiles.  If  so,  the  product  ions  should  have  only  small  recoil 

9) 

energy.  This  is  in  contrast  to  the  observation  by  Edwards  et  al.  and  Mann 
et  al^*^\  Both  groups  reported  that  the  product  atomic  ions  from  molecular 
targets  have  usually  large  kinetic  energies  which  increase  with  increasing  the 
product  ion  charge.  Also,  as  the  relaxation  time  (rearrangement  time:  "^O'^^s) 
of  electrons  in  the  collision  product,  for  example  (N-N^*),  is  much  shorter 

than  the  dissociation  time,  this  collision  product  becomes  rearranged  to 

7+  ^ 

before  the  dissociation  into  neutral  N  atom  and  N  ions.  Instead,  the  product 

would  probably  result  in  dissociation  into  ions,  a  similar  process 

+  10) 

to  that  observed  by  Mann  et  al  ' .  Therefore,  this  process  is  less  likely  to 
produce  the  atomic  ions  with  higher  charge. 

Of  course  these  proposed  processes  are  a  few  examples  for  possible 
production  mechanisms  of  such  ions.  If  these  multiply  charged  atomic  ions  are 
assumed  to  be  produced  through  the  dissociation  (Coulomb  explosion)  of  multiply 
charged  molecular  ions,  the  product  atomic  ions  should  have  some  kinetic 
energies  due  to  the  Coulomb  force  between  the  dissociated  atomic  ions.  Based 
upon  a  simple  Coulomb  force  between  two  equally  charged  ions  at  a  bond  length. 
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their  kinetic  energies  after  the  Coulrmb  explosion  can  be  calculated.  If  the 
bond  length  before  explosion  is  assumed  to  be  1.0  A,  each  ion,  for  example, 
produced  from  N2  target  through  the  above  processes  could  have  the  kinetic 
energy  of  "^230  eV.  In  fact,  in  our  preliminary  measurements,  the  atomic 
nitrogen  ions  have  been  observed  even  with  relatively  large  retarding  field 
applied  in  the  collision  region,  whereas  no  molecular  ions  such  as  could 
reach  the  detector  with  very  weak  retarding  field,  because  their  recoil  energy 
is  small 

12+ 

Similar  charge  spectra  for  1.05  MeV/amu  Ar  +  CH.  collisions  are  shown  in 
5+  ^ 

Fig.  2.  Carbon  ions  up  to  C  as  well  as  hydro-carbon  ions  and  hydrogen  ions 
are  clearly  observed. 


CHANNEL  NUMBER 

Fig.  2 

12+ 

Charge  spectra  of  ions  produced  in  1.05  MeV/amu  Ar  +  CH^  collisions 

Through  careful  comparison  of  the  charge/mass  spectra,  slight  shifts  toward 

15  5+ 

high  energy  side  in  the  peak  position  for  N  ions,  compared  with  that  for 
C^*  ions  (both  having  M/e  =  3.00),  and  for  ions,  compared  with  that  for 

Ar  ions  (M/e  =  5.00),  are  observed,  whereas  no  apparent  shift  could  be  seen 
between  C^^  and  Ar^*^*  ions  (M/e  =  4.00).  This  fact  indicates  that  the  product 
n’  ions  should  have  the  relatively  large  initial  kinetic  energies,  compared 
with  those  for  monatomic  Ar’^  ions  and  for  product  c’^  ions.  The  c’^  ions 
originated  from  (CH^)^^  ions  should  have  small  kinetic  energies  because  c’^ 
ions  sit  at  a  fairly  symmetric  center  and,  then,  most  of  the  kinetic  energies 
due  to  the  Coulomb  explosion  are  partitioned  to  h’  ions. 

To  clarify  the  mechanisms  for  production  of  highly  charged  secondary  atomic 
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ions  from  molecular  targets  mentioned  above,  measurements  of  the  kinetic 
energies  of  these  atomic  ions  and  of  the  angular  correlation  of  the 
dissociating  atomic  ions  are  planned  in  our  laboratory.  Information  such  as 
the  energy  levels  and  their  life  times  of  multiply  charged  molecular  ions  such 
as  or  ions  would  be  useful  toward  further  understanding  production 

mechanism  of  multiply  charged  atomic  ions  from  molecular  targets  in  ion  impact. 

The  authors  would  like  to  thank  Dr.  T.  Watanabe  and  Dr.  Y.  Awaya  for  their 
encouragement  and  support  to  the  present  work. 
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in  an  ion-atom  collision  projectile  excitatlcr.  and  charge  transfer 
(electron  capture"  ray  occur  tcigether  In  a  single  encounter.  If  the 
excitatlcr  and  capture  are  correlated  then  the  prccess  is  called  resonant 
transfer  and  excitation  (RTE);  If  they  are  uncorrelated  then  the  process  is 
terr.ed  nerr  osener t  transfer  and  excitation  (NTE).  Experimental  work  to 
date  has  shown  the  existence  of  RTE  and  provided  strorig  evidence  for  NTE. 
Results  presented  here  provide  inforn.ation  on  the  relative  magnitudes  of 
RTE  and  NTE,  the  charge  state  dependence  of  RTE,  the  effect  of  the  target 
rion.cntum  distribution  on  RTE,  the  magnitude  of  L-shel  I  RTE  conipered  to  K- 
shc  1 1  PTE,  and  the  target  t  dependences  of  RTE  and  NTE. 


1.  INTRODUCTION 

Ir  sirigU  cc-llisicns  between  ions  and  atoms  vacancies  ray  Lt  crce.icd  by  one 
of  three  mechanisms:  excitation,  ionization,  and  charge  trensfer.  Recent 
t.xf.f  r  ir  erta  I  studies  (1,2,3)  have  shown  that  two  of  these  processes,  excitBtioi 
end  charge  transfer,  cen  occur  together  in  a  single  encounter  with  a  target 
r,tc:r  resulting  in  the  formation  of  ar  intermediate  excited  state.  This  capture 
and  excitcticn  can  be  either  a  correlated  or  an  uncorrelated  process. 

If  the  combiner’  process  is  correlated  then  the  mechanism,  involved  Is  an 
cicctrcn-clectrcn  interaction  between  a  projectile  electron  and  e  (weakly 
bcurd!  target  electron  similar  tc  the  Inverse  of  ar  Auger  transition.  Resonant 
formation  of  intermediate  states  occurs  fer  ir'cldent  Icn  energies  such  that  the 
target  electron  energy,  in  the  rest  frame  of  the  Icn,  equals  cnc  cf  the  Auger 
eUctrC'n  energies.  This  prccess  of  correlated  electron  capture  and  projectile 
c^xc  ;  tc.tion  followed  by  photon  emission  is  called  resonant-transfer-end- 
excitatlon  (RTE).  RTE  is  analogous  tc  diclectrcr. Ic  recombination  (DR)  (4, 
except  that  for  OR  the  captured  electron  is  Initially  free  Instead  cf  bound. 

If  the  electron  capture  and  projectile  excitetlcn  are  uncorrelated  then  the 
mechanisms  Involved  are  electron-nucleus  interactiems  between  the  projectile 
nucleus  and  a  target  electron  resulting  in  electron  capture,  and  between  the 
target  nucleus  and  a  projectile  electron  resulting  In  excitation.  Such  a 
comblnaticr  of  excitation  and  ccpturc  events  is  a  two-step  process  which  doiu. 
not  depend  resonantly  on  the  incident  projectile  velocity  and  hence  has  been 
given  the  name  non-resonant-transfer-and-excitatlon  (NTE). 
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A  format  theoretical  treatment  of  simultaneous  charge  transfer  and 
excitation  In  single  collisions  has  recently  been  developed  by  Feagin,  Briggs, 
and  Reeves  (5).  In  this  work  separate  amplitudes  for  the  correlated  and 
uncorrelated  contributions  to  the  capture  plus  excitation  process  are 
formulated.  The  calculations  Indicate  that  NTE  and  RTE  can  occur  with 
comparable  probabilities.  Furthermore,  It  Is  predicted  that  the  NTE 
probability  exhibits  a  maximum  In  Its  energy  dependence,  but  at  a  lower 
projectile  energy  than  the  RTE  maximum.  Qualitatively,  this  NTE  maximum  may  be 
viewed  as  the  result  of  the  product  of  an  Increasing  excitation  cross  section 
and  a  decreasing  single  electron  capture  cross  section. 

Our  recent  experimental  work  with  highly  stripped  sulfur,  calcium,  and 
vanadium  Ions  colliding  with  helium  (1,2,3)  has  shown  the  existence  of  RTE  and 
provided  evidence  for  NTE.  The  RTE  results  are  In  good  agreement  with 
calculations  (6)  using  the  method  of  Brandt  (7)  based  on  theoretical 
d/electronlc  recombination  cross  sections  (8).  In  addition,  RTE  and  NTE  have 
been  Investigated  by  other  groups  for  hydrogen  I tke  fluorine  Ions  (9)  incident 
on  helium,  neon,  and  argon  targets  and  lithiumlike  silicon  Ions  (10)  colliding 
with  these  same  targets. 

New  results  presented  here  are  for  (1)  2oCa  ’  -i  H2  collisions, 

(2)  +  ^2  collisions,  and  (3)  +  Ne  collisions.  These  results 

provide  Infornatlon  on  the  charge  state  dependence  of  RTE  and  the  effect  of  the 
target  momentum  distribution  on  RTE,  the  magnitude  of  L-shel 1  RTE  compared  to 
K-shell  RTE,  and  the  target  Z  dependence  of  RTE. 


2.  EXPERIMENTAL  PROCEDURE 

The  experimental  measurements  were  carried  out  at  Lawrence  Berkeley 
Laboratory  using  the  SuperHILAC  and  at  Brookhaven  National  Laboratory  using  the 
coupled  MP  tandem  Van  de  Graaffs.  The  experimental  technique  consists  of 
measuring  x  rays  associated  with  electron  capture  events.  Projectiles  In  a 
given  charge  state  pass  through  a  differentially  pumped  gas  cell.  After 
emerging  from  the  cell,  the  beam  is  magnetically  or  electrostatically  analyzed 
Into  its  charge  state  components.  Ions  which  undergo  capture  in  the  target  gas 
are  detected  In  a  solid  state  particle  detector  while  the  x  rays  are  detected 
with  3  SI  (LI)  detector  mounted  at  90°  to  the  beam.  Coincidences  between 
projectile  ions  and  x  rays  are  measured  with  a  time-to-amp 1 1 tude  converter. 

The  non-charge-changed-component  of  the  emerging  beam  is  collected  in  a  Faraday 
cup.  Coincidence  yields  were  measured  as  a  function  of  gas  pressure  to  check 
for  linearity  thereby  ensuring  that  single  collision  conditions  prevailed. 


3.  RESULTS  AND  DISCUSSION 

A  sample  of  previous  experimental  studies  (1,2,3),  taken  from  Ref.  3,  Is 
shown  In  Fig.  I  for  15-200  MeV  igS  +  He  collisions.  This  figure  shows  the 

cross  section  for  total  projectile  K  x-ray  emission,  „  ,  and  the  cross 

section  for  projecti  le  K  x  rays  coincident  with  sing  I e  electron  capture,  o^,7b. 
It  Is  seen  that  exhibits  a  maximum  near  130  MeV  due  to  RTE  and  a  maximum 

near  30  MeV  attributed  to  NTE.  The  dashed  curve  Is  the  calculated  (7)  RTE 
cross  section  (multiplied  by  0.85)  and  the  solid  curve  Is  a  calculated  NTE 
cross  section  obtained  from  the  product  of  the  K-shell  excitation  cross  section 
and  the  probability  for  capture  to  the  L-shel I  (11).  This  product  has  been 
normalized  to  the  data  near  30  MeV. 

Fig.  1b  shows  the  calculations  of  Reeves  and  Feagin  (12),  for  the  1s^2s — > 
1s2s^2p  and  1s^2s">  1s2s2p^  transitions  only,  which  Include  both  the 
uncorrelated  (NTE)  and  correlated  (RTE)  contributions  to  charge  transfer  and 
excitation.  These  calculations,  In  which  the  lower  energy  maximum  arises  from 
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the  uncorrelated  amplitude  (NTE)  and  the  higher  energy  maximum  arises  from  the 
correlated  ampllfude  (RTE),  provide  substantial  qualitative  agreement  with  the 

measured  energy  dependence  of  The  narrower  RTE  width  In  Fig.  lb 

compared  to  the  corresponding  width  In  Fig.  la  Is  due  to  the  fact  that 

only  the  two  transitions  mentioned  above  have  been  included  the  calculations. 

In  more  recent  work  at  LBL,  RTE  was  Investigated  ft;  100-370  MeV 

+  H2  collisions.  The  results,  shown  in  Fig.  ?,  are 
consistent  with  previous  measurements  (2)  for  2QCa‘^''^  and  23^'^^  which 

two  maxima  were  also  observed  In  the  energy  dependence  of  These  maxima 

correspond  to  groups  cf  intermediate  resonance  states  in  the  RTE  process  for 
which  both  the  excited  and  the  captured  electrons  occupy  energy  levels  with 
quantum  numbers  n  =  2,2  and  n  =  2,  >  3  (see  Fig.  1b  of  Ref.  2).  The  present 
results  for  Ca  are  the  first  observation  of  RTE  for  a  hydrogenlike  ion.  The 

large  rise  in  a  as  the  beam  energy  Is  dec-eased  below  200  MeV  Is  due  to 
electron  capture,  without  accompanying  excitation,  to  an  excited  state  tn>2) 

followed  by  deexcitation  via  photon  emission.  For  the  transitions  giving 

rise  to  the  first  maximum,  I.e.  those  involving  quantum  numbers  n=2,2, 
apparently  occur  with  a  small  probability  compared  to  the  transitions  with 
n=2,>3  and  so  only  the  second  maximum  is  observed.  CalculatipDs  (13)  which 
have  just  become  available  Indicate  that  these  results  for  Ca'^'*  are  consistem 
with  theory. 

The  measureirientf.  for  Ca  '''  "  4  II.,  provide  a  direct  comparison  with 

earlier  results  (2)  for  these  same  ions  fncident  on  He.  Due  to  the  smaller 
electron  momentum  distribution  for  H2  compared  to  He,  it  is  expected  that  the 
widths  of  the  RTE  maxima  will  be  less  for  H2.  The  results  Indicate  that  this 
is  the  case  as  shown  in  Fig.  3  for  Ca'^^.  ft  is  noted  that  the  discrepancy 
between  theory  and  experiment  for  energies  >260  MeV  is  similar  for  H2  and  He 
targets.  This  same  discrepancy  has  been  observed  in  RTE  measurements  for 

+  He  collisions  (3).  The  origin  of  the  discrepancy  Ir  not  understood  at 
present . 

We  have  also  conducted  a  preliminary  investigation  of  RTE  Involving 
excitation  of  the  projectile  L-shel  I  for  455-710  MeV  Ions  colliding 

with  H2  as  shown  ’n  Fig.  4.  Although  there  are  no  theoretical  calculations  at 
present  with  which  to  compare  these  results,  the  position  of  the  observed 

maximum  In  Is  consistent  with  the  calculated  energies  cf  three  of  the 

most  probable  Auger  transitions  as  shown.  Evidence  for  L-shel I  RTE  has  also 
been  obtained  in  the  observation  of  anomalous  variations  in  the  L  x-ray 
production  cross  sections  as  a  function  of  charge  state  for  Sm'i''  t  Xe 
collisions  (14).  In  a  future  study  we  plan  to  examine  the  L-shel I  RTE 
resonance  region  more  closely  to  look  for  structure  (as  observed  for  the  K- 

shell)  in  and  to  determine  the  relative  part Ic Ipat Icn  of  the  l  subshells 

(i.e.  L^,  L2,  or  Lj)  In  the  RTE  process. 

The  target  7  dependence  of  RTE  has  not  been  established.  The  only  published 
result  In  which  the  measurements  span  the  resonance  region  for  e  target  othcr 
than  H2  or  He  is  that  for  S  1  Ar  reported  1  n  Ref.  1 .  in  our  most  recent  BNL 
work  we  have  measured  projectile  K  x  rays  coincident  with  single  capture  for 
40-160  MeV  +  Ne  collisions  as  shown  in  Fig.  5.  Since  the  RTE  maximum 

occurs  near  120  f4eV  for  sulfur  ions.  It  is  seen  that  there  is  no  measureable 
evidence  for  RTE  In  these  data  while  there  may  be  a  considerable  contribution 
due  to  NTE  as  evidenced  by  the  apparent  peak  tvMr  60  MeV.  These  results  are 
similar  to  results  previously  obtained  for  Ar  4  Ne  collisions  (15).  At 
present  we  have  no  explanation  fcr  these  results  with  ..eon  targets. 
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FIGURE  5 

Comparison  between  the  measured  cS”|. 
for  Ca  Ions  on  H2  and  He.  Also 
shown  are  the  predicted  PTE  cross 
sections  (Ref.  6)  for  these  collision 
systems.  The  lower  energy  maximum 
has  been  normali2ed  to  the  same  value 
In  each  case. 


FIGURE  4 

L  x-ray  cross  sections  for  jyl.a'’®''  +  H, 
collisions;  the  cross  section 

tor  total  projectile  L  x-ray  em Iss Ion 
oriiJ  "c'b  the  cross  section  for 
projectile  L  x  rays  coincident  with 
single  electrcn  capture.  The  solid 
curves  are  drawn  to  guide  the  eye.  The 
vertical  lines  denoted  by  L3M5M5,  etc. 
give  the  energy  positions  of  selected 
Auger  transitions. 


FIGURE  5 

Cross  sections  for  projecti le  K  x 
rays  coincident  with  single  electron 
capture,  og-^,  for  ,3$’^^  +  Ne 

collisions.  The  solid  curve  is  drawn 
to  guide  the  eye . 


>0  120  140  160 


430 


J.A.  Tanisetal. 


4.  CONCLUSIONS 

New  measurements  of  projectile  x-ray  emission  coincident  with  single 
electron  capture  have  provided  significant  new  Information  on  (a)  the  charge 
state  dependence  of  RTE,  (b)  the  effect  of  the  target  momentum  distribution  on 
RTE,  (c)  the  magnitude  and  width  of  L-shel I  RTE  compared  to  K-shel I  RTE,  and 
(d)  the  target  Z  dependence  of  RTE  and  NTE  (neon  target  compared  to  H2  and  He). 
Preliminary  results  Indicate  that  the  charge  state  dependence  of  RTE  and  the 
effect  of  the  target  momentum  distribution  on  RTE  are  consistent  with  theory. 
For  L-shel I  RTE,  no  calculations  yet  exist  to  compare  with  the  measurements. 

The  neon  target  results  are  anomalous  In  that  the  expected  RTE  maximum  Is  not 
observed;  no  NTE  calculations  for  neon  are  currently  available. 
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A  review  of  various  theoretical  treatments  which  have  been  used  to  study 
electron-capture  and  excitation  processes  in  two-electron-system  ion-atom, 
atom-atom  collisions  at  low  to  intermediate  energy  is  presented.  Advan¬ 
tages  as  well  as  limitations  associated  with  these  theoretical  models  in 
application  to  practical  many-electron  ion-atom,  atom-atom  collisions  are 
sped ficial ly  pointed  out.  Although  a  rigorous  theoretical  study  of  many- 
electron  systems  has  just  begun  so  that  reports  of  theoretical  calculations 
are  scarce  to  date  in  comparison  to  flourishing  experimental  activities, 
some  theoretical  results  are  of  great  interest  and  provide  important  infor¬ 
mation  for  understanding  collision  dynamics  of  the  system  which  contains 
many  electrons.  Selected  examples  are  given  for  electron  capture  in  a  mul¬ 
tiply  charged  ion-He  collision,  ion-pair  formation  in  an  atom-atom  colli¬ 
sion  and  alignment  and  orientation  in  a  Li'*'  +  He  collision. 


1.  INTRODUCTION 

Much  theoretical  progress  toward  understanding  the  dynamics  of  inelastic 
processes  in  ion-atom  or  atom-atom  collisions  in  various  energy  regimes  has 
been  achieved  in  the  last  decade.  This  can  be  clearly  realized  by  noting  the 
sequential  series  of  invited  progress  talks  in  the  past  several  ICPEAC  meet¬ 
ings  (1-3),  Although  the  electron  capture  process,  for  instance,  has  been 
considered  to  be  qualitatively  well  understood,  precise  theoretical  prediction 
of  the  electron  capture  cross  section  is  still  an  extremely  difficult  task  for 
theorists.  Moreover,  due  in  part  to  recent  technological  advances,  new  de¬ 
tails  from  already  known  findings,  as  well  as  new  phenomena  in  ion-atom  col¬ 
lisions,  have  been  observed  experimentally.  Accurate  theoretical  models  which 
can  be  compared  with  experimental  findings  have  only  recently  become  possible 
in  conjunction  with  the  development  of  fast  computers.  Some  of  these  new  ex¬ 
perimental  findings,  however,  are  as  yet  unexplained,  even  qualitatively,  and 
they  provide  new  challenges  for  theorists. 

The  theoretical  investigation  of  electron-capture  in  one-electron  and 
pseudo  one-electron  systems  in  the  keV  energy  region  has  been  one  of  the  most 
prominent  subjects  in  atomic  physics  since  late  1970.  Among  models  used,  the 
finite  basis  function  expansion  method  is  considered  to  be  the  main  stream 
for  this  study.  The  molecular  orbital  (MO)  (4-8),  the  atomic  orbital  (AO) 
(including  pseudo  states)  (9-11),  the  Sturmian  (12),  the  Hylleraas  (13)  and 
combinations  (14, lb)  of  these  functions  are  among  those  most  commonly  em¬ 
ployed,  However,  other  approaches  including  direct  numerical  integration  of 
a  time-dependent  Schrodinger  equation  (TDSF)  (16)  might  not  only  open  up  the 
possibility  of  a  new  subfield  in  collision  theory,  but  also  provide  different 
perspectives  on  this  field. 

Excellent  agreement  between  different  approaches  in  various  one-electron 
systems  is  so  frequently  seen  in  the  literature  it  may  be  regarded  as  routine 
and  without  surprise  now  (10).  The  long-standing  problem  of  the  electron 
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translation  factor  (ETF)  in  the  MO  expansion  method  is  now  well  recognized 
both  formally  and  practically.  Although  the  question  of  what  form  of  the  ETF 
should  be  used  is  still  open,  it  has  become  standard  technique  to  include  the 
ETF  effect  somehow  in  the  MO  close-coupling  calculation.  Hence,  the  ETF- 
corrected  MO  method  satisfies  Galilean  invariance  and  therefore,  observable 
physical  quantities  can  be  extracted  uniquely  from  calculations.  Fairly  accu¬ 
rate  molecular  wave  functions  and  their  eigenvalues  for  collision  systems  are 
now  easily  accessible  with  support  from  molecular  structure  studies  by  quantum 
chemists.  These  MO  studies  clearly  confirm  the  concept  of  close  and  distant 
collisions  in  ion-atom  collisions.  This  has  led  not  only  to  a  revival  of  the 
AO  expansion  method  (3),  but  also  to  a  more  agressive  role  for  the  AO  expan¬ 
sion  method  itself  in  ion-atom  collision  theory.  It  is  widely  believed  that 
to  account  properly  for  the  electron  distribution  when  a  projectile  and  target 
approach  within  the  molecular  regime,  inclusion  of  a  third-center  orbital  in 
addition  to  the  cc  .ntional  two-center  expansion  is  indispensable  to  repre¬ 
sent  the  collision  dynamics  correctly  (particularly  in  close  collisions). 

This  "three-center"  AO  expansion  method  is  now  considered  to  be  an  alternative 
to  the  MO  expansion  method. 

Although  certain  aspects  observed  in  various  types  of  ion-atom  collisions 
are  common  to  all,  apparently  there  are  fundamental  differences  between  one- 
(or  pseudo  one)-electron  systems  and  two-  (or  pseudo  two)  or  many-electron 
systems,  which  can  be  traced  back  to  electron  correlation  effects  in  many- 
electron  systems.  Because  of  the  presence  of  this  additional  electron,  theo¬ 
retical  models,  though  formally  the  same,  should  be  modified  to  interpret 
these  effects  in  applications  to  many-electron  systems,  and  this  requires 
enormous  effort  for  theorists.  Stimulated  by  extremely  active  and  precise 
measurements  in  a  multiply-charged  ion-He  collision  and  an  alignment  and  ori¬ 
entation  study  of  the  electron  cloud  in  pseudo-two-electron  ion-atom  colli¬ 
sions,  theorists  have  applied  various  models  to  interpret  observed  phenomena. 
Unfortunately,  however,  rigorous  theoretical  attempts  for  many-electron  sys¬ 
tems  are  still  few,  and  agreement  among  existing  theories,  and  between  theory 
and  experiment,  is  far  from  satisfactory  either  qualitatively  or  quantita¬ 
tively.  This  is  in  contrast  to  the  impressive  harmony  among  theories  and 
measurements  on  one-electron  systems.  More  effort  is  required  for  theorists 
to  develop  more  concrete  models  for  understanding  the  collision  dynamics  in 
many-electron  systems.  Keeping  the  current  status  in  mind,  it  is  worthwhile 
to  take  a  critical  look  at  various  theoretical  approaches. 

In  the  following,  theories  that  have  been  used  to  investigate  ion-atom 
collisions  in  the  0.1  to  25  keV/amu  energy  region  are  briefly  reviewed  with 
special  emphasis  on  their  applicability.  Some  representative  results  are 
given  for  two-electron  systems.  Atomic  units  are  used  throughout. 


2.  THEOKETICAL  TKEATMENT 

Unfortunately,  in  the  0.1-25  keV/amu  energy  range  in  which  we  are  inter¬ 
ested,  cross  sections  for  the  various  inelastic  channels  including  electron- 
capture,  excitation  and  ionization  in  ion-atom  collisions  are  usually  known 
to  have  the  same  order  of  magnitude  because  they  couple  to  each  other  rather 
strongly  (see  Fig.  1).  This  suggests  that  the  electrons  are  strongly  per¬ 
turbed  in  the  collision  and  nonperturbative  methods,  such  as  close  coupling, 
are  certainly  preferable  for  the  study  of  ion-atom  collisions.  In  Fig.  2 
several  approaches  commonly  used  for  low  to  intermediate  energy  collisions 
are  listed. 

The  basis  function  expansion  method  is  commonly  used  in  the  form  of  coupled 
equations  and  is  always  truncated  after  a  limited  number  of  bound  states  have 
been  included.  Also  without  exception,  explicit  inclusion  of  continuum  states 
is  always  avoided  in  the  expansion,  although  some  attempts  have  been  made  to 
build  in  the  "flavor"  of  the  ionization  channel  into  the  expansion  through  the 


Theoretical  Treatment  of  Electron  Capture 


433 


FIGURE  1 

Cross  Sections  for  various  inelastic  events  in  H'*'  +  He  collisions. 
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FIGURE  2 

Theoretical  methods  frequently  used  to  investigate  ion-atom,  atom-atom  colli¬ 
sions  at  low  to  intermediate  energies. 
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pseudostate  approach.  Sometimes,  however,  the  physical  meaning  of  the  pseudo¬ 
states  is  not  clear  at  alt,  and  hence,  care  is  needed  to  apply  it. 

In  the  following,  the  basis  function  expansion  method  is  mainly  reviewed, 
and  some  comments  on  other  methods  are  made. 


3.  BASIS  FUNCTION  EXPANSION  METHOD 


In  the  0.1  to  25  keV/amu  energy  range,  the  energy  transfer  is  usually  much 
smaller  than  the  collision  energy  so  that  the  semiclassical  formulation  of 
inelastic  processes  in  ion-atom  collisions  is  considered  to  be  quite  accurate 
and  convenient  to  solve.  In  this  approximation,  the  electron  moves  in  the 
time-dependent  field  created  by  the  motion  of  the  projectile  relative  to  the 
target.  This  heavy  particle  motion  is  treated  semiclassically,  while  the 
electron  motion  is  solved  quantum  mechanical ly.  Defining  the  collective  elec¬ 
tron  coordinates  as  r  =  (ri...rf|)  measured  from  the  origin  of  some  inertial 
frame,  the  wave  function  for  the  electronic  system  is  the  solution  of  the 
time-dependent  Schrodinger  equation 


=  [.I  (-?''r,  - 


i=l 


^i 


N 

+  I 

i>j 


I'-i'^jl 


-]  ii<(r,t)  =  i  1^  K>(r,t) 


(1) 


where  the  first  term  in  the  bracket  on  the  LHS  is  the  kinetic  energy  of  the 
electron,  Zp  is  the  charge  of  the  projectile,  Zj  is  the  charge  of  the  target, 
rp^,  r-f^,  r^  are  the  distances  of  the  electron  measured  from  the  projectile, 
target,  and  chosen  origin,  respectively,  and  the  last  term  in  the  bracket  de¬ 
notes  the  electron-electron  interaction. 

If  the  wave  function  i)i(i^,t)  is  expanded  in  terms  of  some  basis  functions 

<Plr,t)  =  a^(t)  U.(r,t)  (2) 


then,  following  standard  procedures,  £q.  (1)  be  reduced  to  a  set  of  linear 
coupled  equations, 

iSA  =  MA  (3) 


where  the  column  matrix  A  is  formed  from  the  time-dependent  expansion  coeffi¬ 
cients  a^,  S  is  the  overlap  matrix  with  elements  ,  =  <U^|Uj>,  and  M  is  the 
coupling  matrix  with  elements  =  <U^(Hgjj-i  Equation  (3)  is  usually 

solved  numerically  subject  to  appropriate  conditions,  i.e.,  =  5^|,. 

The  probability  for  finding  the  electronic  system  in  the  jth  state  after 
the  collision  can  be  written  as  a  function  of  the  collision  energy  and  impact 
parameter  b, 

Pj(E,b)  =  |a.(M|^  .  (4) 

The  cross  section  for  the  jth  electronic  state  is  obtained  by  integration  over 
the  impact  parameter,  b 

OjlE)  =  Zx  /  db  b  Pj(E,b)  .  (5) 

Up  to  this  point,  we  have  discussed  the  semiclassical  collision  theory  without 
specifying  the  basis  set,  {U(f,t)}.  An  adequate  choice  of  the  basis  set  is 
extremely  Important  to  describe  the  collision  system  properly.  As  for  deter¬ 
mining  the  criteria  for  the  choice  of  the  basis  set,  collision  parameters  such 
as  the  charge  ratio  Zp/Zr  or  the  ratio  of  relative  velocity  to  the  velocity  of 
the  orbital  electron,  V/Vg,  are  often  employed  as  indicators.  The  magnitudes 
of  these  parameters  suggest  whether  the  molecular  orbital  or  atomic  orbital 
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representation  should  be  used.  However,  as  we  shall  discuss  later,  recent 
progress  on  the  basis  function  expansion  method  relaxes  the  intrinsic  limita¬ 
tion  imposed  on  individual  basis  set  and  broadens  the  region  of  validity  of 
each  approach  in  terms  of  the  collision  energies  being  overlapped.  This  was 
not  apparently  true  in  basis  function  expansion  studies  a  decade  ago.  This 
remarkable  new  feature  in  basis  function  expansion  methods  is  evidence  of  re¬ 
cent  progress. 

3.1.  Molecular  orbital  (MO)  basis 

Customarily,  the  MO  expansion  method  is  considered  to  be  appropriate  when 
the  parameter  V/Vg  <  1,  where  the  colliding  partners  are  thought  to  form  a 
quasi-molecule  during  the  collision.  Then,  the  basis  set  {U^(f,t)}  is  con¬ 
structed  from  the  adiabatic  molecular  (the  Born-Oppenheimer)  wave  function 
^^^(i^,K)  defined  by 

Hfij,  =  Ei(R)(,”°(?;R)  .  (6) 

Expansion  of  the  scattering  wave  function  using  the  molecular  orbitals  yields 
't(?.t)  =  ^  a.^'j'^^-.R)  F.(?,R)  (7) 

where  represents  the  molecular  electron  translation  factor  (ETF)  which  has 
the  form 

F.(r*,R)  =  exp[i  I  {(l/2)f .  (?|^ ,R)?.?^-(l/8)  v^dff]  .  (8) 

In  Eq.  (8),  ?  is  the  relative  velocity  of  the  heavy  particles  and  f^  is,  in 
general,  a  state-dependent  switching  function  employed  to  represent  a  local 
propagation  velocity,  fiV,  of  the  electron  in  the  quasimolecule  formed  during 
the  collision.  Various  forms  of  the  switching  function  have  been  proposed 
(17),  but  each  form  has  disadvantages  as  well  as  advantages;  arguments  for 
the  proper  choice  of  the  switching  function  have  not  been  settled  yet.  It  is 
clear,  however,  that  neglect  of  the  ETF  in  the  scattering  wave  function  [Eq. 
(7)J.  This  method,  which  has  been  termed  the  perturbed-stationary-state  (PSS) 
methn'i,  results  in  a  wave  function  that  does  not  satisfy  Galilean  invariance 
and  hence,  introduces  several  fatal  problems  into  the  coupling. 

In  the  MU  representation,  the  electronic  Hamiltonian  is  diagonalized  as 
in  Eq.  (6),  hence  the  perturbation  which  causes  the  transition  in  the  system 
arises  from  the  nuclear  motion  of  the  heavy  particles,  i.e.  nonadiabatic 
coupling.  For  slow  collisions,  a  reasonable  approximation  is  obtained  by 
expanding  the  ETF  in  powers  of  ^  and  retaining  the  first  few  order  terms  of 
V.  This  approximation  simplifies  the  form  of  the  ETF  corrected  nonadiabatic 
coupling  significantly. 

This  ETF  corrected  MO  expansion  method  has  been  applied  successfully  to 
the  investigation  of  excitation  and  electron  capture  processes  in  one-electron 
ion-atom,  atom-atom  collisions  (5-7,18-20).  In  particular,  it  appears  that 
extensive  studies  on  the  multiply  charged  ion  and  H-atom  collisions  explicitly 
disclose  most  of  the  fundamental  dynamics  in  these  systems.  However,  few  ap¬ 
plications  of  the  ETF  corrected  MO  method  to  many-electron  systems  have  been 
reported  (21-24).  Two  main  problems  arise  from  many-electron  systems: 

1.  It  is  quite  difficult  to  obtain  accurate  wave  functions  and  eigenvalues 
for  many-electron  systems. 

2.  The  molecular  ETF  for  these  systems  has  not  been  sufficiently  well 
investigated  so  that  we  do  not  have  enough  practical  experience  with 
them. 

For  problem  I,  only  recently,  several  methods  including  the  ab  initio  and 
semi enpi ri cal ,  have  become  available  to  solve  the  nonrelativistic  stationary 
electronic  Schrodinger  equation  for  molecular  systems,  owing  to  impressive 
recent  progress  in  theoretical  quantum  chemistry.  Among  those,  probably  the 
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pseudopotential  or  model  potential  method  is  orii.  of  the  most  popular  for  ob¬ 
taining  the  molecular  wave  function  as  well  as  its  eigenvalue.  This  approach 
skillfully  adopts  the  concept  of  difference  between  valence-electron  and  core¬ 
electron  orbitals  which  leads  to  significant  simplicity  in  the  construction  of 
molecular  wave  functions.  By  replacing  all  interactions  which  involve  core 
electrons  by  pseudopotentials  or  model  potentials  and  including  explicitly 
only  valence  electrons  in  the  electronic  Hamiltonian,  many-electron  problems 
can  be  reduced  to  the  simpler  one-  or  two-electron  problem.  Commonly,  the 
molecular  wave  function  is  constructed  in  the  same  manner  as  in  the  valence- 
bond  (VB)  method.  Although  this  approach  to  obtaining  approximate  electronic 
states  apparently  fails  when  the  core  electron  actively  takes  a  role  in  the 
collision  dynamics,  its  simplicity  and  high  accuracy  in  a  practical  applica¬ 
tion  provide  a  good  remedy  for  some  of  the  weaknesses  of  this  method. 

The  one-electron  in  diatomic  molecule  (OEDM)  method  belongs  to  a  category 
of  MO  method  (25).  The  OEDM  method  employs  the  molecular  orbital  from  the 
one-electron  two-nuclei  system  (26)  as  a  basis  function  to  construct  the 
molecular  wave  function.  Wave  functions  and  eigenvalues  of  a  one-electron 
two-nuclei  system  can  be  obtained  exactly  by  solving  the  nonrelativistic  elec¬ 
tronic  Hamiltonian  with  the  utilization  of  prolate  spheroidal  coordinates. 

Thus  evidently,  this  method  involves  a  more  lengthy  calculation  when  it  is 
extended  to  the  many-electron  system  as  in  the  case  of  the  usual  ab  initio  ap¬ 
proach  to  molecular  structure  calculations.  Some  results  from  using  the  OEDM 
method  with  the  He  atom  have  been  reported  recently.  However,  the  study  in 
Kef.  25  neglects  the  ETF  completely,  and  its  result  does  not  satisfy  Galilean 
invariance. 

Another  basis  which  has  also  been  used  in  the  MO  category  is  the  Hylleraas 
function  (13).  This  function  has  been  employed  in  large  scale  close  coupling 
calculations  for  the  study  of  one-electron  ion-atom  collisions,  but  no  report 
has  been  published  for  many-electron  systems  yet. 

Althougn  several  different  approaches  to  determining  the  molecular-ETF  have 
been  proposed  for  problem  2,  few  results  of  practical  tests  of  these  forms 
within  the  MO  approach  have  been  reported  for  the  study  of  many-electron  ion- 
atom  collision  to  date.  Therefore,  assessments  of  usefulness  or  effectiveness 
of  each  proposed  molecular-ETF  are  still  premature  and  extensive  work  on  this 
subject  is  really  needed.  Instead,  we  would  like  to  point  out  that  some  pio¬ 
neering  work  on  these  systems  is  now  under  way  in  several  groups  (27,28).  Due 
to  inclusion  of  the  ETF,  i.e.  the  velocity-dependent  term,  it  has  been  veri¬ 
fied  that  the  ETF  corrected  MO  method  is  legitimate  for  use  up  to  a  fairly 
high  energy  region,  say  ~50  keV/amu,  depending  on  the  character  of  the  system. 
This  new  feature  has  not  been  seen  in  the  PSS  theory  in  which  the  energy  range 
of  validity  of  the  theory  is  quite  limited,  although  the  PSS  theory  is  known 
now,  in  principle,  to  be  wrong. 

3.2  Atomic  orbital  (AO)  basis 

Contrary  to  the  MO  expansion  method,  the  AO  expansion  method  is  considered 
an  appropriate  representation  when  V/Vg  >  1.  Since  the  collision  velocity  is 
so  fast  compared  to  the  orbital  velocity  of  the  bound  electron,  the  colliding 
partners  retain  atomic  character  (i.e.  diabatic)  throughout  the  collision 
event.  In  this  representation,  the  basis  Ui(r,t)  in  Eq.  (2)  is  well  described 
by  traveling  atomic  orbital  and  the  scattering  wave  function  is  expanded  in 
terras  of  these  traveling  atomic  orbitals  with 

i)'(r.t)  =  \  v^(t‘)dt')  (9) 

i  i  i 

The  last  term  of  Eq.  (9)  represents  the  atomic  ETF  (29)  (or  plane-wave  ETF) 
where  the  electronic  coordinate  r,  is  measured  from  nucleus  C(C=P  or  T),  which 
can  be  determined  uniquely  and  without  ambiguity,  in  contrast  to  the  MO  case. 
The  41^^  satisifies  the  atomic  Hamiltonian,  H(-  =  [-(1/2)  +  (Z^/r^.)] 
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where  the  atomic  eigenvalue. 

The  does  not  diagonalize  the  full  electronic  Hamiltonian,  and  the  in¬ 
teraction  term  is  a  purely  potential  interaction.  In  addition,  a  rotational 
coupling  similar  to  the  MO  case  plays  a  role  in  the  rotating  coordinate  system. 

The  original  formulation  of  the  AO  expansion  is  due  to  Bates  (30)  using  a 
two-center  expansion  method  in  the  late  50‘s.  Since  then,  various  expansion 
techniques,  namely  one-center  and  three-center  in  addition  to  the  two-center 
expansion,  have  been  developed  and  applied  to  study  the  collision  dynamics, 
mostly  for  the  one-electron  system.  Despite  the  fact  that  in  some  cases,  the 
two-center  AO  expansion  approximation  explains  the  experimental  findings  re¬ 
markably  well  both  qualitatively  and  quantitatively,  it  unfortunately  fails 
miserably  in  others.  The  reason  is  that  for  some  collision  systems,  the  domi¬ 
nant  contribution  to,  for  instance,  electron  capture  probability  occurs  at 
large  impact  parameter,  larger  than  the  radius  of  the  electron  orbital,  i.e. 
distant  collisions,  while  for  others,  it  comes  from  small  impact  parameters, 
smaller  than  the  radius  of  the  electron  orbital,  i.e.  close  collisions.  For  a 
distant  collision,  distortion  of  the  initial  and  final  electronic  states  is 
well  described  by  the  two-center  AO.  Actually,  this  is  the  philosophy  under¬ 
lying  the  linear  combination  of  the  atomic-orbital-molecular-orbital  (LCAO-MO) 
method  to  express  approximate  molecular  wave  functions  frequently  used  in 
quantum  chemistry.  However,  this  is  not  the  case  for  a  close  collision.  A 
conventional  two-center  AO  can  not  represent  the  electron  distribution  cor¬ 
rectly  when  the  particle  approaches  within  the  molecular  region.  To  remedy 
these  deficiencies  in  the  AO  expansion  method,  various  ideas  have  been  intro¬ 
duced  and  have  converged  mainly  to  a  pseudostate  approximation,  in  which  the 
pseudostate  that  has  the  largest  overlap  with  the  united  atom  orbital  is  in¬ 
cluded  in  the  expansion.  However,  trials  of  the  pseudostate  approximation 
have  not  been  entirely  successful  in  terms  of  convergence  of  the  calculated 
cross  section  with  respect  to  the  size  of  the  basis  set  used  and  comparison 
with  experiment. 

Along  this  line,  but  of  course  with  a  different  philosophy,  another 
pseudostate  approximation  has  been  proposed  (the  so-called  A0+)  (31),  which 
is  augmented  by  some  of  the  system's  united  atom  orbitals  in  addition  to  the 
conventional  two-center  AO's  and  applied  to  various  one-electron  systems  with 
much  success.  The  pseudopotential  technique  is  also  commonly  used  to  reduce 
-ohir-  t-Q  a  quasi -one-elc'tron  system.  In  fact,  the  only  difference 
oetween  me  ETr  corrected  MU  metnoo  and  the  A0+  method  is  in  the  manner  of 
representing  the  ETF's  attached  to  each  expansion.  In  this  view,  excellent 
agreement  seen  in  the  ETF-corrected  FK)  result  and  the  A0+  result  for  various 
one-electron  systems  is  not  entirely  surprising,  but  rather  expected.  In  this 
connection,  the  three-center  AO  expansion  method  (11,32)  can  be  regarded  as  a 
general  extension  of  the  A0+  method.  The  third  center  atomic  state,  which  is 
normally  placed  on  the  center  of  nuclear  charge  of  the  system,  is  augmented  to 
the  conventional  two-center  AO  expansion.  The  third  center  atomic  state  is 
taken  to  be  a  bound  atomic  state  of  a  fictitious  atom  having  nuclear  charge 
which  is  the  sum  of  the  charges  of  the  projectile  and  target's  nucleus.  The 
atomic-ETF  is  normally  attached  to  the  third  center  atomic  state.  Although  a 
single  application  of  the  three-center  AO  expansion  method  to  study  the  sym¬ 
metric  proton  and  hydrogen  system  revealed  an  interesting  feature  of  this  ap¬ 
proximation  as  well  as  good  agreement  with  the  MO  and  A0+  results,  this  method 
is  extremely  time-consuming  even  for  the  simplest  system,  such  as  the  proton- 
hydrogen  collision  system.  At  any  rate,  this  new  pseudostates  method,  like 
the  A0+  and  three-center  AO  expansion  methods  has  proved  that  its  validity  is 
far  wider  in  collision  energy  range  than  was  usually  thought  for  the  AO  ex¬ 
pansion  method,  which  completely  overlaps  with  that  of  the  ETF-corrected  MO 
method  in  the  lower  energy  region  as  we  can  speculate  from  the  discussion 
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above.  Thus,  this  pseudostate  method  is  considered  to  have  established  its 
position  as  a  subfield  of  collision  theory. 

Attempts  to  extend  the  successful  pseudostate  method  beyond  one-electron 
systems,  have  immediately  run  into  practical  difficulties.  As  the  number  of 
electrons  increases  from  one  to  two  in  a  collision  system,  the  number  of  con¬ 
figurations  needed  to  describe  the  electronic  states  included  also  increases 
dramatically.  Moreover,  the  third-center  state  (united-atom  orbital  in  the 
AU+  or  the  "third-center"  orbital  in  the  three-center  expansion)  has  to  be 
included  to  represent  the  electron  relaxation  correctly.  This  inclusion  of 
the  additional  state  at  the  third-center  makes  the  numerical  calculation 
almost  impossible  at  present.  However,  there  has  been  one  attempt  using  the 
A0+-type  pseudostate  method,  which  includes  a  small  number  of  united  atom 
orbitals  in  the  expansion,  for  the  multiply  charged  ion-He  collisions  (33). 

3.3  Uthers 

As  a  completely  new  theoretical  probe,  the  time-dependent  Hartree-Fock 
(TUHF)  (34,35)  procedure  has  been  developed  to  study  collision  processes  which 
involve  many-electron  systems.  The  TQHF  is  the  natural  successor  to  the  di¬ 
rect  numerical  solution  of  the  time-dependent  Schrodinger  equation,  which  has 
been  used  to  investigate  one-electron  systems  (36,37).  Although  the  TDHF  ap¬ 
proach  for  many-electron  systems  has  several  advantages  over  the  basis  func¬ 
tion  expansion  method,  e.g.,  no  MO-ETF  problem  and  automatic  inclusion  of  the 
continuum  state,  this  method  is  based  on  the  independent  electron  model  and 
hence  there  is  clear  evidence  of  the  break  down  of  the  TDHF  method  (36). 


4.  THtOKETICAL  RESULTS  AND  DISCUSSION 

Some  recently  obtained  representative  results  for  two-electron  systems  will 
be  presented.  Our  aim  is  not  to  review  all  theoretical  and  experimental  find¬ 
ings  of  this  flourishing  field,  but  rather  to  limit  the  discussion  to  selected 
characteristic  cases  of  two-electron  ion-atom  collision-like  one-electron  cap¬ 
ture  in  multiply  charged  ion-He  collisions,  ion-pair  formation  in  atom-atom 
collisions,  and  alignment  and  orientation  in  ion-atom  collisions. 

4.1.  Electron  capture  in  multiply  charged  ion-He  collisions 

With  the  rapid  development  of  ion  sources  for  slow  ions,  new  important 
physical  insights  into  inelastic  processes  in  multiply  charged  ion-He  colli¬ 
sions  have  been  revealed  recently  (38,39).  Stimulated  by  the  excitement  on 
the  experimental  side,  theorists  have  also  reported  attempts  at  understanding 
the  collision  dynamics  in  a  single  electron  capture  process.  In  a  highly 
asymmetric  system  one-electron  capture  usually  proceeds  mainly  into  the  spe¬ 
cific  one  or  two  high  n-levels  of  the  projectile  ion  preferentially.  The  ob¬ 
served  shape  of  the  total  cross  section  is  almost  independent  of  collision 
energy  except  for  the  projectile  is  in  a  low  charge  state,  since  many  sub-t 
levels  contribute  to  the  determination  of  the  total  cross  section.  Hence, 
unless  all  these  t-levels  are  considered  in  the  theory,  precise  calculations 
are  not  possible  in  multiply  charged  ion-atom  collisions. 

0^'*'  >  He.  There  have  been  fairly  extensive  experimental  as  well  as 
theoretical  studies  on  electron  capture  in  the  0®“''  +  He  collisions.  However, 
unfortunately,  the  marked  disagreement  among  various  experiments  and  also 
theories  remains  unresolved.  All  experimental  and  theoretical  data  are 
plotted  in  Fig.  3.  The  MO  results  obtained  by  a  ten-state  close-coupling 
calculation  (40)  are  in  good  accord  with  measurements  by  Iwai  et  a1 .  (41), 
Kaneko  et  a1.  (42),  and  Afrosimov  et  a1.  (43)  in  the  energy  region  from  0.5 
to  10  keV/amu.  The  MO  theory  predicts  that  electron  capture  proceeds  to  the 
n  =  4  manifold  of  the  projectile  oxygen  ion,  which  is  also  confirmed  experi¬ 
mentally.  Note  that  the  total  one-electron  capture  ci oss  section  shows  a 
structureless  shape  which  is  rather  flat  and  apparently  independent  of  the 
impact  energy. 
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FIGURE  3 

Une  electron  capture  cross  section  in  the  O®'*'  +  He  collision.  Theory:  Solid 
line  MU  (Ref.  40);  broken  line  OEDM  (Ref.  45).  Experiment;  □,  Bliman  et  al . 
(Ref.  4b);  A,  Iwai  et  al .  (Ref.  41);  a,  Kaneko  et  al .  (Ref.  42);  o,  Afrosimov 
et  al .  (Ref.  43). 


One  theoretical  result  obtained  by  the  unitarized  distorted  wave  approxima¬ 
tion  (UOWA)  (44)  demonstrates  good  accord  with  the  MO  result  as  well  as  with 
the  measurements.  The  measurement  by  Bliman  et  al .  (45)  displays  an  energy 
dependence  similar  to  the  others,  but  their  values  lie  approximately  40%  below 
all  other  measurements  and  the  MO  and  UDWA  theoretical  results.  The  theoreti¬ 
cal  results  by  Bliman  et  al.  (45),  who  used  the  OEDM  method,  display  remark¬ 
able  disagreement  with  other  theories  and  all  experiments  except  their  own. 
Their  theoretical  results  drop  sharply  as  the  energy  decreases  and  differs  by 
about  a  factor  of  4  from  the  MO  result  at  1  keV/amu.  Probably  this  large  dis¬ 
crepancy  between  two  MO  approaches  can  be  traced  back  to  the  fact  that  Bliman 
et  al .  only  included  one  channel  in  their  calculation  which  correlates  the 
dominant  one-electron  capture  channels,  0^^(n=4)  +  He*  levels;  they  neglected 
the  ETF  completely.  Since  the  many  £,m-subleveis  in  the  given  higher  n-mani- 
fold  are  closely  packed,  it  is  surely  necessary  to  include  effects  arising 
from  all  these  t,m-sublevels  in  the  calculation. 

He.  Although  electron-capture  in  collisions  of  various  carbon  ions 
with  hydrogen  atoms  has  been  extensively  studied  both  theoretically  and  ex¬ 
perimentally,  studies  of  electron  capture  in  Cl'*’  +  He  collisions  are  scarce. 

Among  +  He  systems,  experiments  have  concentrated  on  the  C^'*'  +  He  colli¬ 
sion.  In  particular,  workers  at  the  FOM  (46)  and  Institute  of  Plasma  Physics 
in  Nagoya  (41)  have  been  analyzing  the  electron  capture  mechanism  by  transla¬ 
tional  energy  spectroscopy  and  have  offered  extremely  important  information 
for  understanding  the  collision  dynamics.  Their  experiment  ;  -'ata  are  plotted 
along  with  two  recent  theoretical  results  in  Fig.  4.  As  preuicted  by  two  dif¬ 
ferent  experiments,  two  theories  have  proved  that  electron-capture  proceeds 
preferentially  to  the  n  =  3  manifold  of  the  ion  at  least  below  10  keV/amu. 
The  MO  result  (47)  shown  in  Fig,  4  was  obtained  by  a  seven-state  close-coupl¬ 
ing  calculation,  while  a  semi-A0+  result  (48)  was  calculated  by  using  a  two- 
center  AO  plus  the  inclusion  of  a  limited  number  of  united  atom  orbitals. 

Agreement  of  the  two  theories  is  sufficiently  good  within  20%  above  1  keV/ 
arau.  Below  1  keV/amu,  the  A0+  results  drop  rather  sharply  in  contrast  to  the 
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FIGURE  4 

Une-electron  capture  cross  section  In  the  C6+  +  He  collision.  Theory:  solid 
line  MO  (Ref.  47);  broken  line  A0+  (Ref.  48).  Experiment;  o,  Gordeev  et  al . 
(Kef.  46);  •,  Iwai  et  al .  (Ref.  41). 


slow  decrease  of  the  cross  section  in  the  MO  results.  The  origin  of  this  dis¬ 
crepancy  between  the  two  theories  in  the  lower  energy  regime  is  not  yet  clear. 
Agreement  of  these  theories  with  the  two  experiments  by  Gordeev  et  al .  and 
Iwai  et  al.  is  reasonable.  Measurements  by  Gordeev  et  al.  lie  consistently 
lower  by  about  15%  than  the  MO  result,  although  the  energy  dependence  of  their 
cross  section  seems  to  be  in  good  accord  with  both  MO  and  A0+  results  above 
1.5  keV/amu.  In  spite  of  the  fair  agreement  of  the  total  one-electron  capture 
cross  section  between  the  two  theories,  agreement  of  partial  cross  sections 
(t-distribution)  is  not  as  satisfactory,  as  can  be  seen  in  Fig.  4.  Qualita¬ 
tively,  the  general  trend  of  each  calculated  partial  cross  section,  however, 
is  similar  in  the  two  theories  as  the  3p  cross  section  is  the  dominant  one  in 
the  energy  range  from  ~1.5  keV  to  10  keV,  while  the  3s  cross  section  has  the 
smallest  contribution  at  all  energies  studied.  At  lower  energy,  below  -2  keV/ 
amu,  the  3d  cross  section  contributes  the  most  in  the  MO  calculation. 

4.2,  Electron  capture  in  atom-atom  collisions 

H  Na.  The  mechanism  of  ion-pair  formation  in  atom-atom  (in  particular 
the  alkali  and  halogen  system)  collisions  has  long  been  known  as  the  "harpoon 
mechanism"  in  the  study  of  ion-pair  formation.  This  process  has  been  studied 
experimentally  for  hydrogen-alkali  collisions  because  of  the  practical  appli¬ 
cation. 

Calculated  adiabatic  potential  curves  show  a  series  of  avoided  crossings 
between  i  states  from  the  ground  state  to  high  lying  Rydberg  states.  Strong 
radial  couplings  at  these  avoided  crossings  are  responsible  for  the  main  flux 
promotion  mechanism  and  this  mechanism  finally  brings  flux  to  the  ion-pair  for¬ 
mation  channel.  The  MO  result  (49)  for  the  H  +  Na  system  is  illustrated  along 
with  the  multichannel  Landau-Zener  (MCLZ)  (50)  result  and  experiments  in  Fig. 
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5.  The  MO  calculation  has  been  performed  by  using  six  states  in  a  close-coupl¬ 
ing  method.  Marked  disagreement  between  the  MO  and  MCLZ  is  found.  The  origin 
of  this  large  discrepancy  can  be  traced  to  the  assumptions  in  the  MCLZ  method. 
The  assumed  conditions  are  very  specific  and  thus  limit  the  applicability  of 
the  theory.  Apparently  the  conditions  are  not  satisfied  in  the  present  case. 

The  MO  result  is  more  favorable  to  the  measurements  by  Howald  et  al.  (51) 
in  the  1.0  to  5.0  keV/amu  energy  range.  Experimental  data  by  Nagata  (52)  seem 
to  drop  too  drastically  in  the  lower  energy  side. 

4.3.  Alignment  and  orientation  study  of  the  electron  cloud 
Li'*'  +  He.  In  recent  years,  very  precise  experimental  coherence  and  corre¬ 
lation  analysis  techniques  have  been  developed  and  utilized  to  study  the  align¬ 
ment  and  orientation  of  the  electron  cloud  of  colliding  particles  (53).  Among 
those  beautiful  experiments  carried  out  within  the  last  year,  the  experiment 
performed  for  alignment  and  orientation  of  Li(22p)  and  He(2iP)  excited  states 
in  Li'*'  +  He  collisions  by  Andersen  et  al .  (54)  is  most  attractive  to  theo¬ 
rists.  The  main  feature  in  this  experiment  is  the  finding  that  at  energies 
below  ~5  keV  the  shape  of  the  electron  clouds  in  the  Li(22p)  and  He(2>P)  ex¬ 
cited  states  is  very  nearly  that  of  a  p-orbital,  aligned  perpendicular  to  the 
asymptotic  internuclear  axis,  independent  of  impact  parameters  and  of  whether 
the  electron  stays  on  the  He-core  or  is  transferred  to  the  Li-center  during 
the  collision.  At  energies  above  5  keV,  the  shape  changes  from  that  of  a  pure 
p-orbital,  the  alignment  angle  deviating  from  the  perpendicular  direction  with 
a  larger  angle  for  Li  and  a  smaller  angle  for  He.  From  the  theoretical  point 
of  view,  this  problem  is  extremely  difficult  to  tackle,  since  the  important 
dynamics  takes  place  at  small  impact  parameter,  b  <  1  a.u. 


FIGURE  5 

Ion-pair  formation  cross  section  in  H  +  Na  collisions.  Theory:  solid  line  MO 
(Hef,  4y);  broken  line  MCLZ  (Ref.  50).  Experiment:  a,  Howald  et  al .  (Ref. 
51);  A,  Nagata  (Ref.  52). 
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Thus,  to  represent  the  collision  system  accurately  in  either  the  MO  or  the 
AU  approach  in  such  a  small  R  region  requires  a  calculation  of  extremely  high 
precision.  Also,  in  the  MO  representation,  a  "good"  molecular  ETF  is  needed 
to  describe  the  two-center  character  of  the  ETF  properly  at  small  R,  Although 
one  theoretical  attempt  has  been  reported  on  this  system  (55),  it  was  not  com¬ 
pletely  successful  due  in  part  to  the  lack  of  Galilean  invariance  of  the  treat¬ 
ment.  In  the  Li^  +  He  system  the  MO  diagram  tells  us  that  the  ground  state 
Li'*'  (Is^)  +  He(ls^)  is  degenerate  with  the  Zpu  state,  Li(ls2  2p,)  +  He'*'  (Is), 
at  the  united  atom  limit.  Although  there  is  an  avoided  crossing  at  small  R 
between  the  ground  state  and  the  2sa  state,  Li(ls22s)  +  He'*'  (Is),  the  main 
source  of  the  flux  promotion  to  upper  levels  is  considered  to  be  this  strong 
rotational  coupling.  The  MO  calculation  (56)  has  been  performed  by  using  a 
seven-state  close  coupling  method  with  MO  ETF’s.  The  MO  calculation  confirms 
thjt  at  energies  below  5  keV,  the  flux  is  promoted  to  the  2pii  state,  Li(^Pi)  + 
He'*',  through  strong  2pa-2pit  rotational  coupling  initially  at  small  R.  How¬ 
ever,  j.i  the  later  part  of  the  collision,  long  range  n-x  radial  coupling  re¬ 
distributes  the  flux  between  the  electron-capture  to  the  excited  Li(22P)  state 
and  the  direct  excitation  channel  to  the  He(2iP)  state. 

At  energies  above  5  keV,  the  stepwise  flux  promotion  from  the  ground  state 
through  sequential  radial  couplings,  as  well  as  the  flux  mixture  between  pa 
and  px  states  of  the  Li(2^P)  and  He(2ip)  atoms  start  playing  an  important  role 
in  the  mechanism. 

The  results  clearly  support  the  experimental  findings  and  give  a  theoretical 
rationale.  Figure  6  displays  both  experimental  and  theoretical  results  for  the 
alignment  angle,  y,  at  an  impact  parameter  b  =  0.55  a.u.  Very  good  agreement 
between  theory  and  experiment  is  noticeable.  Also  it  is  worth  pointing  out 
that  Tli  and  'He  show  nearly  out-of-phase  oscillation.  This  phenomenon  can  be 
understood  from  the  fact  that  the  large  electron  cloud  is  shared  by  the  two 
colliding  nuclei  before  the  electron  settles  in  the  final  state.  If  most  of 
the  eletron  cloud  moves  with  the  projectile  in  an  electron  capture  event, 
then  the  electron  cloud  at  the  target  is  minimum,  and  vice  versa  [57].  This 
simple  picture  explains  qualitatively  the  out-of-phase  phenomena. 


FIGURE  6 

Alignment  angle  for  Li(22P),  left  panel,  and  He(Zip),  right  panel.  Points  are 
from  experiment  (Ref.  54);  solid  lines  are  theory,  MO  +  MOETF  (Ref.  56). 


Theoretical  Treatment  of  Electron  Capture 


443 


5.  FUKTHEK  REMARKS 

We  have  been  looking  at  the  validity  of  various  theoretical  approaches 
commonly  used  to  investigate  different  inelastic  events  observed  in  ion-atom, 
atom-atom  collisions  in  the  low  to  intermediate  energy  regime.  In  contrast  to 
the  study  of  one-electron  {or  pseudo  one-electron)  systems  where  impressive 
agreement  between  the  MO  and  AO  results  is  not  viewed  with  surprise  any  more, 
the  appropriateness  and  effectiveness  of  various  theoretical  approaches  for 
the  more  than  one-electron  systems  have  not  been  established  yet.  Indeed,  the 
application  of  these  theoretical  models  has  just  begun.  Within  the  next  f''w 
years,  it  will  become  clear  that  only  some  of  the  theoretical  approaches  men¬ 
tioned  above  can  survive  and  be  successful  with  many-electron  systems.  Al¬ 
though  the  molecular  ETF  may  remain  a  major  problem  in  the  MO  representation, 
it  will  become  known  that  certain  types  of  MO  ETF‘s  are  useful  and  effective 
in  specific  cases. 

Although  the  time  is  not  yet  ripe  to  discuss  the  new  approach  to  ion-atom 
collision  theory,  namely  the  R-matrix  method  (14,15,57),  more  practical  appli¬ 
cations  will  be  reported  for  many-electron  systems  as  well  as  ion-molecule 
collision  systems  in  the  next  few  years. 

Measurements  other  than  cross  sections,  for  example  the  study  of  alignment 
and  orientation  in  the  collision,  will  become  more  feasible  and  these  new 
measurements  will  definitely  provide  more  detailed  insight  into  collision 
dynamics.  These  studies  will  certainly  feed  back  to,  and  require  rigorous 
theoretical  models,  from  theorists. 
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STATE-RESOLVED  SINGLE  ELECTRON  CAPTURE  IN  SLOW  COLLISIONS  OF  MULTI-CHARGED 
IONS  WITH  ONE-  AND  TWO-ELECTRON  ATOMS 

D.  DIJKKAMP*,  D.  CIRIC’"  and  F.J.  DE  HEER 

FOM-Institute  for  Atomic  and  Molecular  Physics,  Kruislaan  407, 

1098  SJ  Amsterdam,  The  Netherlands 

We  discuss  recent  experimental  results  on  state-selective  single  electron 
capture  by  slow  multi-charged  ions  from  one-  and  two-electron  targets,  with 
emphasis  on  the  1 -distribution  as  a  function  of  the  collision  velocity,  in 
the  range  0.1  -0.5  au.  Some  of  the  results  for  atomic  hydrogen  and  helium  as 
target  are  compared  with  detailed  calculations. 

During  the  last  decade,  electron  capture  by  slow  multi-charged  ions  (MCI) 
has  been  the  subject  of  many  experimental  and  theoretical  studies.  At  first, 
the  emphasis  was  on  the  study  of  the  behaviour  of  the  total  capture  cross  sec¬ 
tion,  Oj.,  as  a  function  of  relevant  parameters,  such  as  the  charge  state  q  of 
the  projectile,  the  target  binding  energy  I^  and  the  collision  velocity  v.  How¬ 
ever,  for  a  more  stringent  test  of  theoretical  calculations,  as  well  as  for 
applications  in  fields  like  plasma  diagnostics  and  astrophysics,  one  desires 
information  on  the  final  state  distribution  of  the  captured  electron.  A  recent 
review  of  theoretical  and  experimental  progress  in  this  field  has  been  given  by 
Janev  and  Winter  (1).  At  present,  two  experimental  methods  are  widely  used  to 
obtain  such  information;  Energy  Change  Spectroscopy  (ECS),  in  which  one  deter¬ 
mines  the  energy  gain  (loss)  of  the  projectiles,  and  Photon  Spectroscopy  (PS), 
in  which  one  observes  the  photon  emission  of  the  excited  projectiles.  ECS  has 
the  advantages  of  giving  direct  information  on  the  population  of  the  various 
energy  levels,  with  a  detection  efficiency  of  the  order  unity.  PS  gives  only 
indirect  information;  to  obtain  population  distributions  the  relevant  transi¬ 
tion  probabilities  should  be  known.  The  sensitivity  of  PS  is  very  low,  typical¬ 
ly  of  the  order  10’^,  and  in  addition  wavelength  dependent.  However,  the  reso¬ 
lution  of  PS  is  far  superior  to  that  of  ECS,  which  is  a  decisive  advantage  if 
one  wants  to  study  1 -distributions  resulting  from  collisions  with,  e.g., helium¬ 
like  ions,  since  the  different  I-subshells  within  one  n-shell  are  very  close  in 
energy  for  the  resulting  lithium-like  final  states. 

We  have  used  PS  to  study  nl-distributions  in  slow  collisions  of  fully  strip¬ 
ped  (He^*,  C^^,  N^*),  helium-like  (C^*,  N^*,  0^*)  and  lithium-like  (C^^)  ions 
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with  lithium,  helium,  molecular  and  atomic  hydrogen  (2)-(9).  The  experimental 
set-up  (cf.  fig.  1)  has  been  described  in  several  publications  (2,3,5)  and  will 
not  be  discussed  in  detail  here.  To  compensate  for  the  low  sensitivity,  intense 
isn  beams  are  needed  which  were  produced  by  an  ECR  ion  source  of  the  MINIMAFIOS 
type  (10)  installed  at  the  KVI,  Groningen,  The  Netherlands  (11).  Light  emission 
in  the  wavelength  range  10  -600  nm  was  measured  by  means  of  several  monochro¬ 
mators,  absolutely  calibrated  on  sensitivity.  From  the  measured  line  emission 

cross  sections,  a  (A),  we  deduced  absolute  subshel 1 -selective  cross  sections, 
em 

0^1.  The  experiments  were  done  in  a  crossed  beam  configuration;  atomic  hydrogen 
was  produced  by  means  of  a  radiofrequency  discharge,  similar  to  that  described 
by  Slevin  and  Stirling  (12).  The  target  density  and  composition  were  measured 
by  electron  impact  excitation,  as  described  in  ref.  4.  In  the  following  we  will 
discuss  a  few  representative  results,  with  special  attention  to  the  behaviour 
of  the  1-distributions  as  a  function  of  velocity. 

Figs.  2a, b  show  for  figs.  3a, b  show  for  For 

atomic  hydrogen  the  results  of  extended  AO-calculations  by  Fritsch  and  Lin  (13) 
are  also  shown.  The  agreement  between  theory  and  experiment  is  quite  satisfac¬ 
tory.  It  is  clear  that  the  o^-j  data  for  the  same  ion  on  atomic  or  molecular  hy¬ 
drogen  exhibit  a  rather  different  velocity  dependence,  even  though  is 

quite  similar  for  both  targets  and  is  alnwst  independent  of  velocity  in  all 
cases.  In  fact,  both  the  dominance  of  one  particular  n-shell  as  well  as  the 
weak  velocity  dependence  of  are  consistent  with  the  well  known  classical 
barrier  model  (CBM)  for  electron  capture,  as  we  have  shown  in  refs.  6,8. 


State-Resolved  Single  Electron  Capture 


447 


ENERGY  (keV/amu) 

12  4  6  8 


ENERGY  (keV/amu) 

1  2  4  8  8 


VELOCITY  (a.u.) 
FIGURE  fct 


VELOCITY 

FIGURE  2b 


(a .  li . ) 


03)  ai  a  ^unct-LC'n  oj  veCociti/  ^o'l  C"**  coUidbig  icitii  a)  atomic  and  bl  mi'iccu.Car 
hi/Mogeit.  Smooth  cutvei  in  a)  -  AO-C£i£.cctf.a.t-u>ii  bn  FTiticfi  and  Lcn  (13).  FuLC  iym- 
bois  -  novtiaiiced  statistical  distiibution  at  v'  =  0.5  au. 


Also  shown  in  figs.  2,3  are  normalized  statistical  1 -distribution  at  v  =  0.5 
au  (full  symbols),  which  fit  the  data  reasonably  well,  except  for  some  of  the 
s-states.  This  feature  is  in  agreement  with  the  so-called  rotational  mixing  mo¬ 
del  for  the  1-distribution,  developed  by  Abramov  et  al.  (14)  (see  also  ref.  1). 
In  this  model,  the  1 -distribution  is  strongly  influenced  by  long  range  rota¬ 
tional  mixing,  induced  by  the  electric  field  of  the  receding  target  ion,  after 
“■he  electron  capture  has  taken  place.  The  strength  of  this  mixing  decreases 
with  decreasing  collision  velocity.  At  very  low  velocities  (v'~<0.1  au)  the 
model  predicts  that  the  1 -distribution  is  determined  by  the  geometrical  overlap 
between  the  initially  populated  Stark  state  and  the  various  spherical  final 
states,  leading  to  dominant  population  of  p-  or  d-subshells,  depending  on  the 
initial  coupling  mechanism.  However,  this  model  was  developed  for  collisions 
involving  fully  stripped  ions,  which  are  subject  to  a  linear  Stark  effect.  In 
our  case,  the  degeneracy  between  the  final  states  is  removed,  which  should  re¬ 
duce  the  strength  of  rotational  mixing.  This  might  explain  why  we  already  ob¬ 
serve  strong  changes  in  the  1-distributions  if  the  velocity  is  reduced  from  0.5 
to  0.1  au.  This  explanation  is  corroborated  by  comparing  detailed  AO-calcula- 
tfons  by  Fritsch  and  Lin  (15)  for  Be^^-H  with  their  results  for  C^^-H  (13).  At 
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tiiticcit  di.it’Ubution  at  o  =  0.5  au. 


vasO.5  au  the  31-distributions  are  almost  identical  (and  close  to  statistical), 
but  the  distribution  for  Be^^  changes  only  slightly  when  decreasing  the  veloci¬ 
ty  to  O.I  au,  in  contrast  to  the  result  for  A  similar  behaviour  is  obser¬ 
ved  when  comparing  the  calculated  41-distributions  for  C^^-H  with  those  for 

Summarizing,  we  have  found  that  the  1 -distribution  at  vfKO.5  au  is  qualita¬ 
tively  statistical  for  all  systems  involving  helium-like  ions,  whereas  towards 
lower  velocity  the  distribution  behaves  differently  for  each  system.  Elsewhere 
(6,8)  we  show  that  the  l-distributions  at  vwO.I  au  can  be  qualitatively  under¬ 
stood  from  simple  diabatic  potential  diagrams,  by  comparing  the  position  of  the 
various  crossings  with  the  crossing  radius  as  predicted  by  the  CMB.  It  turns 
out  that  the  most  favourable  crossing  is  always  the  first  one  inside  R^.  For 
V-  0.5  au,  the  distribution  becomes  overstatistical ,  which  can  be  most  clearly 
seen  in  our  results  for  C^^-Li  (2).  (In  that  system  the  effective  velocity  is 
higher,  because  of  the  low  target  binding  energy).  This  trend  is  in  agreement 
with  the  results  of  AO-calculations  by  Fritsch  and  Lin  (13),  and  was  also  seen 
in  the  Monte-Carlo  calculations  by  Olson  (16)  and  the  UDWA  calculations  by 
Ryufuku  (17). 
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Of  course,  pure  one-electron  systems  are  the  starting  point  for  any  theore¬ 
tical  approach  to  the  charge  transfer  problem.  Thus,  it  is  not  surprising  that 
many  calculations  have  been  reported  for  the  system  He^*-H.  In  fig.  4  we  show 
as  an  example  the  comparison  between  our  experimental  result  (4,5)  for  o^p  and 
several  theoretical  results  (references  are  given  in  the  figure  caption).  For 
this  dominant  channel,  the  agreement  is  quite  good,  but  for  non-dominant  chan¬ 
nels,  such  as  capture  into  the  n  =  3  states,  deviations  occur,  as  show  in  fig.  5. 
The  results  of  Kimura  and  Thorson  (19)  and  Liidde  and  Dreizler  (21)  are  closest 
to  our  experimental  data;  the  result  of  Winter  and  Hatton  (18)  also  includes 
capture  into  higher  states  which  explains  why  their  data  rise  more  strongly 
with  increasing  velocity.  The  AO-calculations  by  Bransden  and  Noble  (20)  and 
Bransden  et  al .  (22)  do  not  agree  very  well  with  the  experimental  results. 

For  fully  stripped  ions  with  higher  charge,  the  degeneracy  between  the  va¬ 
rious  1 -subshells  prevents  a  determination  of  from  optical  measurements 
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measured  emission  cross  sections  with 
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those  calculated  from  the  theoretical 
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Such  a  comparison  is  made  in  fig.  6  e  /  ^ 

for  the  system  C®*-H  (7).  The  theore-  2  '  /r 

tical  results  shown  are  the  MO-calcu- 
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lations  of  Green  et  al .  (23)  and  of  c  '  c 
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for  the  total  capture  cross  section  *  (PM 
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analysis,  both  by  our  own  group  (7)  velocity  la.u.) 

and  by  Phaneuf  et  al.  (25). 

This  way  of  comparing  state-  FIGURE  6 

selective  cross  sections  is  rather  capficte  ctoij  sectccui  a.  and  Um 

Cmc6i4c’»i  c4C‘ii  se-Ctioni  (h-h  )  ^ox 

indirect,  because  one  averages  over  C^*-H  a.i  a  junction  oj  vclocltij.  Ettct 

several  states.  For  these  one-elec-  indicate  total  uncex^in^Ua .  IPh] 
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information  on  the  n-distribution.  curvci  ui^ated 
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Combining  such  data  with  the  optical 

data  would  make  it  possible  to  determine  the  separate  ,  which  illustrates 
the  complementary  nature  of  the  ECS  and  PS  methods.  In  this  connection,  it 
should  be  remarked  that  until  now  the  only  system  involving  atomic  hydrogen 
which  has  been  studied  by  both  methods  is  C^^-H.  In  a  forthcoming  publication 
(9)  we  compare  our  results  for  this  system  with  data  obtained  by  the  Belfast 
group  (26).  Although  the  results  are  in  good  agreement  with  regard  to  the  do¬ 
minant  channels,  PS  is  able  to  identify  ten  different  final  channels,  whereas 
in  the  ECS  measurements  only  four  channels  could  be  discriminated. 

The  rotational  mixing  model  mentioned  above,  as  well  as  the  work  of  Salin 
(24),  indicates  that  important  information  about  the  physical  nature  of  the 
charge  exchange  process  is  contained  in  the  m-distribution.  Baptist  et  al.  (27) 

have  measured  the  m-distribution  from  the  polarization  of  the  emitted  photons, 
4+ 

for  the  system  C  -H^.  Their  results  for  the  ratio  Ogpg/Ogp]  show  that  the  m=0 
state  is  predominantly  populated  which  Implies  that  for  this  system  charge  ex¬ 
change  occurs  mainly  via  radial  coupling. 


velocity  la.u.) 


FIGURE  6 
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Very  recently,  several  theoretical 
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As  we  have  shown  there  are  now  several  iwd  Otion  (28). 
systems  for  which  theoretical  and  ex¬ 
perimental  results  on  state-selective  cross  sections  can  be  directly  compared. 
The  overall  agreement  is  quite  satisfactory,  but  the  energy  range  over  which  a 
comparison  can  be  made  is  still  rather  limited. 

We  may  expect  that  in  the  future  more  efforts  will  be  made  to  obtain  a  deep¬ 
er  insight  into  the  charge  transfer  mechanism.  In  particular,  more  complex 
(multi-electron)  systems  should  be  studied,  and  more  information  on  the  m-dis- 
tributions  would  be  desirable.  Finally,  our  own  group  will  attempt  to  extend 
some  of  the  state-selective  measurements  discussed  above  to  lower  velocities, 
possibly  down  to  0.02  au. 
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energy  spectra  for  multiply  charged  Ar ,  Ne  and  C  proje 
capturing  electrons  from  targets  of  atomic  and  molecu 
been  measured.  Direct  capture  can  be  explained  in  te 
tion  window  arguments,  but  structure  and  location  of  t 
groups  is  not  well  understood-  Angular  distributions 
and  C  from  He  target^  have  been  measured.  Oscillatory 
double^gapture  bjj  C  on  He  is  qualitatively  explained 
for  Ne  and  Ne  on  He  is  poorly  described  by  simple 
Is . 


c  t  i  les 
lar 
rms 
rans- 
for 


1 .  INTRODUCTION 


The  capture  of  electrons  from  neutral  targets  by  mu  1 1 i ply ^charged  projec¬ 
tiles  has  been  the  subject  of  intense  study  in  recent  years.  At  low  velo¬ 
cities  the  rapture  is  well  known  to  populate  quite  selectively  states  of  high 
excitation  on  the  projectile  core,  nearly  always  with  positive  energy  balance. 
In  a  curve  crossing  picture,  the  transfer  at  crossings  of  the  incoming  channel 
with  the  Coulomb  promoted  final  channels,  strongly  favoring  crossings  which 
occur  within  a  ’’reaction  window”  centered  on  an  optimum  value  of  internuclear 
distance  (R^).  For  multielectron  targets,  capture  of  more  than  one  electron  or 
transfer  ionization  (T.I.),  usually  in  the  form  of  rapture  to  unbound  doubly 
excited  .states,  is  important.  (See  fig.  !•)  The  long  range  nature  of  the 
transfer  ha.s  led  to  the  development  of  several  quite  successful  theoretical 
descriptions  of  the  process  which  have  the  adv^n^age  of  broad  applicability  to 
a  wide  range  of  target  and  projectile  species.  ’  For  system.*;  with  a  small 
number  of  active  elect rons , ^detai led  theoretical  treatments  of  specific  systems 
are  Increasingly  available.  On  the  experimental  side,  total  cross  section 
measurements  abound,  altho\Jgh  data  for  true  on^  electron  systems  is  still 
available  onlv  through  the  first  row  elements.  State  selective  measurements. 
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through  translational  t^nergy  spectroscopy  and  electron  and  photon  spectroscopy, 
are  necessary  in  many  cases  to  advance  our  understanding  of  the  capture  process 
further.  Little  angular  distribution  ft»r  such  systems  have  been  reported 

for  more  than  doubly  charged  projectiles. 

Considerable  ^‘e^^nt  work  has  been  reported  on  energy  gain  spectroscopy  for 
such  collisions.  In  this  paper  we  present  some  of  our  recent  energy  gain 

results  on  single  and  double  capture  from  light  targets  by  multiply  charged  Ne 
and  Ar  projectiles.  We  have  chosen  targets  with  no  more  than  two  electrons  in 
the  hope  that  such  systems  will  ultimately  prove  more  tractable  theoretically. 
This  ihoice  carries  with  it  one  experimental  cost:  the  kinematic  spread  in 
projectile  energies  which  results  from  low  energy  capture  increases  rapidly 
with  increasing  projectile  to  target  mass  ratio.  This  effect  can  limit  the 
final  state  spectral  resolution  in  energy  gain  experiments.  It  points  to  the 
fart  that  the  energy  and  angular  distributions  in  the  laboratory  are  inextri¬ 
cably  connected,  and  originally  led  to  our  investigations  of  the  angular 
distributions  of  the  capturing  projectiles.  Ton  source  limitations  restrict  us 
to  the  use  of  less  than  fully  stripped  projectiles.  Although  the  theoretical 
treatment  of  the  capture  is  eased  for  the  case  of  a  bare  projectile,  resolution 
of  final  %  values  is  not  possible  in  such  a  case  due  to  the  degeneracy  of  the 
final  states.  To  this  extent,  there  is  even  some  advantage  to  the  use  of  less 
than  fully  stripped  ions  for  which  this  degeneracy  is  removed. 


2.  ENERGY-GAIN  SPECTROSCOPY 

The  apparatus  wliirh  we  have  used  for  energy  gain  spect roscopv  is  shown  in 
fig.  The  ions  are  produced  from  a  recoil  ion  source  pumped  bv  20-2S  MeV  F 

beams.  The  reroil  ions  are  extracted  with  an  energy  of  35  to  60  eV*q,  where 
q  is  the  iof)  i'harge  state.  After  momentum  analysis  they  enter  a  resist  ivelv 
heated  atomic  hvdrogen  oven  which  also  serves  as  a  normal  gas  cell  for  othei 
targets.  Th»-  entire  oven  can  be  maintained  at  a  voltage  which  is  varied  in 
order  to  change  the  collision  energy.  Thereafter  the  ions  pass  into  a  hemis- 
pherifal  e  1  er  t  ros  t.a  f  i  c  analyzer  for  charge  and  energy  analysis.  The  best 
energy  resolution  we  have  obtained  is  0.24  eV*q,  which  is  less  than  the 
resolution  of  the  magnetic  momentum  analyzer,  and  thus  greater  than  or  equal  to 
the  intrinsic  energy  spread  in  the  recoil  source.  The  atomic  deuterium  target 
is  obtained  bv  heating  the  oven  to  a  temperature  between  2000®K  and  2100*K,  for 
which  a  dissociation  fraction  of  approximately  0,8  is  obtained. 

The  kinetic  energy  given  to  the  target,  and  thus  lost  to  the  projectile, 
iiureasps  rapidly  with  the  scattering  angle  of  the  projectile,  0,  with  a 
coKfCifient  which  increases  with  projertile  to  target  mass  ratio.  The  piojec- 
f  i  U-  reaction  products  are  distributed  neai  a  charac t er i st ic  scattering  angle 
0^  which  we  tlefine  as  that  angle  which  corresponds  to  capture  at  an  impact 
pirarnt^ter  »>qual  to  the  crossing  xadius.  Tn  the  absence  of  polarization  effects 
on  the  potential  (iirves,  it  ran  be  shown  that,  for  small  angles,  0  =Q/2F.,  where 
Q  is  the  energy  released  in  the  reaction  and  E  the  laboratory  bombarding 
eruTK>  .  This  remaikahly  simfile  result  is  independent  of  the  masses  involved 
,ind  of  the  number  of  electrons  captured.  Table  1  shows  values  of  AE,  defined 
»s  the  difference  between  the  energy  gain  at  0  and  that  at  0-0®,  for  selected 
c  .jses,  .Hnd  shcjws  the  advantage  of  using  higher  bombarding  energies  and  heavier 
target  masse.s.  For  this  reason  we  have  used  deuterium  rather  than  normal 
hvdrogen  as  a  target.  Large  shifts  are  to  be  associated  with  large  spreads  in 
energy  gain  as  well,  due  to  the  finite  angular  distribution  of  the  reaction 
fji'odiir  r  s  . 

Tn  fig.  3  we  show  energy  spectra  for  3955  eV  Ne  og  Ar,  D  and  atomic 
deuterium  targets.  All  events  shown  corresyrond  to  Ne  final  ions.  Several 
featuies  of  this  spectrum  are  common  to  nearly  all  case^  we  have  studied. 

Normal  single  capture  to  identifiable  states  on  the  Ne  core  appear  al  lower 
♦^•nergv  gain.s,  with  a  broad  band  of  population  occurring  at  higher  energy  gains 
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Fig.  2:  Apparatus  used  for  energy  gain 
measurements  with  molecular  and 
atomic  deuterium  and  hydrogen. 
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Energy  gain  spectra  for  39S5  eV 
on  Ar,  and  D. 


for  t  h»’  mu  1  t  i -e  1  et  t  ron  targets.  In  this  case,  the  normal  capture  is  to 
unresolved  X  values  with  n*5.  A  Q-value  window,  calculated  on  the  basis  of  a 
Lwri“|^voI  (.andau-Zener  model  with  the  coupling  matrix  element  given  bv  Olson  er 
/ .  ,  is  shown  for  the  Ne  on  case.  It  would  favor  population  of  even 
higher  Q,  but  the  5X  levels  are  the  only  nearby  candidates.  The  higher  energy 
gr<iup  might  be  attributed  to  population  of  lower  n,  but  it  is  much  more  likely 
tliat  it  i.s  dvie  instead  to  transfer  ionization  (T.I.),  presumably  in  the  form  of 
dou|)le  rapture  to  unresolved  dotibly  excited  states  which  autoionize  back  to  the 
Ne  channel  before  detection.  Such  an  interpretation  is  strongly  .supported  bv 
f  he  d  i  sappea  r  ance  of  this  group  for  the  one-electron  target.  S  imi  lar  ,  i^i  ^er- 
pretations  of  T.I.  groups  have  been  made  previously  by  other  workers.  ’  The 
energies  of  the  densely  distributed  doublv  excited  states  involved  here  are  not 
known  but  mav  be  ^^timated  on  the  basis  of  the  binding  energies  of  single 
ele<  trims  to  a  Ne  core.  In  this  way  we  tentatively  identify  the  two  T.I. 
groups  near  25  and  38  eV  as  due  to  capture  to  n,n’»5,5  and  5,4  respectively. 

The  similarity  between  t^e  Ar  target  spectrum  (which  is  in  good  agreement 
with  that  of  Nielsen  e/  a/.  )  and  the  spectrum  is  striking.  The  first 
binding  energy  for  argon  (15.76  eV)  is  nearly  equal  to  that  for  molecular 
deuterium  (15.24),  and  the  spectral  comparison  shows  d»amatically  that  the 
energy  balance  rather  than  the  molecular  or  atomic  structure  is  the  major 
far  tor  which  determines  the  firtal  state  populations  in  the  reaction.  The 
profess  seems  not  to  know  that  is  a  molecule  rather  than  an  atom.  It  is 

surprising,  however,  that  the  T.T.  spectra  are  so  similar,  since  the  ionization 
potentials  for  Ar  and  by  11  eV.  This  suggests  that  the  structure  in  the 
T.I.  may  be  charac t er i st t c  of  the  location  of  reaction  windows  for  population 
of  doubly  excited  states  as  well  as  the  density  of  such  levels.  The  effective 
crossing  radii  for  the  direct  and  two  T.I.  groups  in  fig.  3  are  at  approxl- 


456 


C  L  Cocke  et  al. 


mately  13,6,  11.3  and  7.19  a.u.,  respectively,  indicaring  that  the  doubly 
excited  levels  are  populat  ?d  at  smaller  internuc iear  distances  than  are  singly 
excited  levels.  Since  both  sequential  one~electron  transfer  and  two-electron 
transfer  can  occur,  it  is  possible  that  two  reaction  windows  can  occur  for  T.I. 
Similar  structure  occurs  for  Ne  projectiles. 

Tn  fig.  4  we  show  energy  gain  spectra  for  Ar  on  atomic  and  molectilar 
deuterium  targets,  as  well  as  on  Ar  and  A  comparison  of  the  and 

targets  shows  the  resolution  advantage  of*^having  the  lieav'ier  target  mass. 

The  density  of  final  states  is  sufficiently  high  in  this  rase  that  the 
population  distribution  is  tboxigbt  to  reflect  direct!,  the  reaction  window  in  Q 
value.  We  have  used  a  Landau-Zener  multi-'level  model  to  caltulate  the  shape  of 
such  a  window,  following  the  pr<iceduie  giv'en  by  Olson.  We  have  assumed  a 
uniform  spacing  in  Q  value  of  the  many  possible  fitial  states.  Two  parameters 
enter  thi.s  model:  the  level  density  an<i  the  strength  of  the  cotipling  matrix 
element  which  rouple.s  the  incident  channel  with^^ach  crossing  reaction 

»'hatinel,  We  have  used  Olson’s  universal  expre.ss  ion 

.324  R<.//^| 

but  h.i\.'e  introduced  C  as  an  adjustable  parameter  whiih  we  use  to  investigate 
the  effect.  of  the  strength  of  on  the  window  placement  and  width.  The 

win<iovs  shown  in  fig.  4  were  calculated  f  i  i>m  this  model  using  the  parameters 
given  in  Table  2.  Also  given  are  total  cioss  sections  from  i>oth  the  mcuiel  ami 
experiment.  We  ha\<'  included  the  T.I.  in  the  experimental  cros.s  sections 
hpf.ause  we  .suspect  that  these  channels  onlv  serve  to  take  flux  out  of  the 
single  rapture  <'hdnnel,  although  no  T.I.  is  treated  by  the  model.  The  cross 
sections  are  in  fairly  good  agreement  witli  the  model,  but  are  tp:  i  t  e  inserjsitivp 
to  .  The  location  of  the  reaction  window  is  quite  sensitive  to  C.  We  find  it 
surprising  that  a  value  of  C  so  near  onitv  is  found  when  the  coupling  strength 
of  the  .sigma  state  for  which  the  universal  expression  of  Olson  was  developer!, 
mtjsr  be  shared  among  so  man\  different  X  states  for  anv  given  n.  The  shift  in 
real  i  ion  winrlow  >)efween  Ar  and  D.>  and  between  aru!  D  cannot  be  exf*lairred  in 
ferfn.s  onlv  of  ionization  potential  r!  i  f  Terences ,  *but  must  be  due  to  differeni'es 
in  the  rouplirrg  matrix  elemetits  as  well. 

K  AN'ci  LAR  nrsTRrBi'TroN.s 

In  fig.  is  shown  the  apparatus  we  have  used  for  measuring  angulai  distri- 
b\rt.i<»ns  for  Ne  atu!  C  proiertiles  on  He.  Charge  state  selection  i.s  df>ne  with  a 
Tetarrling  grid  lorated  in  front  of  the  detector.  A  one-dimensional  position 
sensitive  channel  plate  detector  assembly,  collimated  with  a  bow-ti*^  shaped 
»  o  1  1  i  m.H  t  <»  r  to  convert  a  radial  distribution  into  .ipprox  ima  I  e  1  y  (within  3’'  FWHM  ) 
.1  linear  one,  records  dn/d6  tiirertlv.  The  effective  angvilar  resolution  of  the 
.‘ivst^'ni.  limited  bv  aperture  size.s,  is  betwe^*r»  0.2  afid  0.3'>  degrees  (FWHM).  F\en 
cith  such  a  mode.st  rt-'SoIu»  ion  count  rates  .Hre  rarely  above  a  hurulred  Hz  in  the 
'  har  ge  •■»:•;<  hange  group. 

Tlif  fcillision  .schematic  of  fig-  6  illustrates  the  qualitative  Features  one 
mij'.ht  expe<  t  for  the  trajectories  and  deflection  functions  for  svstems  con- 
sidei<-d  here.  The  fjicture  we  use  is  semi -c  lass  i  r.a  1  ,  a]th<»ugh  the  \aliditv  of 
f  h  i  .s  pirfure  is  open  to  c!ebaf»*.  The  deflect  ioft  function  for  a  two  level  cast-* 
is  expvftefl  to  be  f  ha  i  ai  t  er  i  zed  by  two  branches  corresponding  to  itansfet  at 
I  fo'  '  tossing  tegiofi  on  the  incoming  and  outgoirrg  parts  of  tlie  t  raject  or\  .  The 
two  biun<-lies  meet  a  I'  0  .  For  such  a  deflection  function,  a  rainbow  is  exv'ected 
al  ari  .angle  0^.  Os'  il*Iatoiv  Itehavioi  due  to  inlerferem.e  betwi‘*-n  sea  t.  t  h  -  i  ngs 
fioni  fliffererii  b  leading  to  the  same  0  is  expected  with  the  separation  lietween 
penk."-;  c  ,H  I  c  ij  1 -jb  1  e  from  the  deflerl  ion  function,  as  rliscussvd  by  Ford  am! 

Whei'ler.  J  fi  a  region  where  the  branches  of  t  lie  ileflect  ion  fumt  iort  are 

nearlv  p.ir.allel,  the  separation  between  peaks  is  given  bv  A0»3ti/.M  (\“mvh/b). 
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Fig.  4:  Energy  gain  spectra  for  3390  eV  Ar 
on  Ar,  D^.  D  and  H^.  The  dashed 
lines  are  reaction  windows  calculated 
using  the  parameters  in  Table  2. 


Fig.  5:  Apparatus  used  for 

angular  distribution 
measurement  s . 


Fig.  6;  Two-pt>tent  ial  curve  scnemat  ir 
showing  two  paths  for  Captvire. 


Tn  fig.  7  is  shown  the  angular  distribution  for  double  capture  from  He  by 
C  ,  which  show.s  clear  oscillations  of  this  type.  For  this  case  double  capture 
via  crossing  with  the  state  stronger  than  single  ^^pture  to  the  state, 
as  discussed  by  Crandall  nl-  and  by  Shipsey  al-  Strong  interaction 

between  these  channels  still  exists,  however,  and  Interference  between  transi¬ 
tions  to  the  Z^  state  on  incoming  and  outgoing  branches  gives  rise  to  the 
nsr i 1 lat i on s .  Oscillatory  behavior  in  the  energy  gain  spectra,  causetl  by  the 
oscillation  in  the  angular  distribution,  was  seen  earlier  b\  Cede  quist 
and  a  theoretical  interpretation  is  reported  by  Barany 
e/  3JT  at  this  ronfeience.  The  present  data  are  in  excellent  qualitative 
agreement  with  these  result. s. 

Fig.  shows  the  experimental  angular  distribution  for  Ne  on  He.  The 
distribution  lenters  in  the  ne  i  ghborhi>od  of  0  ,  although  much  of  the  dislri- 
but  Ion  lies  outside  thi.s  angle  and  indee<l  th*  re  is  substantial  cross  sect  ion 
bevonfl  the  range  of  our  detector.  As  shcjwn  >  >  the  energy  gain  spectrum  in  the 
insert,  the  main  population  is  to  a  3d  state  on  the  Ne  core  at  this  energy. 
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The^def 1 ec t ion  functioi^  shown  comes  from  a  simple  two  state  model  in  which  the 
Ne  is  taken  to  be  a  point  charge  and  screened  roul<imb  potentials  are  taken 
for  both  potential  curves.  The  rainbow  angle  thus  firedicted  is  in  reasonable 
agreement  with  the  data  but  (he  oscillation  frequency,  barely  resolvable  with 
the  present  resolut.ion,  is  a  factor  of  three  lower  than  that,  found  bv  the 
e\pressit>n  for  iiB  given  above.  The  data  indicate  that  a  much  smaller  separa¬ 
tion  between  the  two  branches  of  the  deflectiori  is  needed.  It  is  possible  chat 
such  a  result  could  come  from  interaction  with  double  capture  channels  not 
included  in  the  model  potential,  evei  If  such  channels  are  not  ultimatel\' 
populatefl  in  the  react  i<in.  There  are  manv  such  rtossingat  in  the  region  of  the 
reaction  window.  , 

-f  4 

An  even  more  puzzling  result  is  shown  in  fig.  ^  for  Ne  on  He.  A  similar 
poteritial  model  results  in  the  defleiling  function  shown,  and  again  predicts  an 
oscillation  fiequency  which  is  about  a  factor  of  four  higher  than  the  separa¬ 
tion  of  the  two  main  structures  at  1.2  anil  1-8  degiees.  In  addition  there  is  a 
strong  fc)rwar<l  peak  which  is  well  inside  the  lalculated  rainbow  angle  and  foi 
which  we  have  no  explanation.  Tins  peak  sharpens  with  improvement  in  experi¬ 
mental  resolution  and  its  true  wiilth  is  not  shown  bv  the  experiment.  It  is 
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possible  that  a  true  quantal  treatment  of  the  process  will  be  necessary  for 
understanding  of  these  di st ribut loi.s . 
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TABLE  1:  KINEMATIC  ENERGY  SHIFTS  AE  FOR  Ar  PROJECTILES 


TA/iCET 

£(*-V) 

c 

OLeV) 

.'iE(eV> 

D 

1590 

0-180 

20 

1 .19 

H 

3390 

0.188 

20 

2.37 

H 

3390 

0.090 

10 

0, 59 

H 

800 

0.425 

10 

3.47 

TABLE  2:  PARAMETERS  USED  FOR  Q- 

WINDOW  CAI.CULATION 

PKojEcrnr 

TARGET 

LEVELS />^V  C 

'’kodel 

‘’e.xpt.  • 

A 

Ar 

Ar 

0.23 

1.2 

51.1 

71.4® 

Ar*^ 

D, 

0.  33 

0.65 

48.8 

49^ 

Ar*'^ 

D 

0.  33 

1.42 

55.1 

48*’ 

one  only 

1  .0 

— 

-- 

"Rff.  7 

*’Ref.  21 
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STATE-SELECTIVE  ELECTRON  CAPTURE  BY  SLOW  MULTIPLY  CHARGED  IONS  IN  ATOMIC 
HYDROGEN  USING  TRANSLATIONAL  ENERGY  SPECTROSCOPY 


R.  w.  McCullough 

Departinent  of  Pure  and  Applied  Physics,  The  Queen's  University  of  Belfast, 
Belfast,  UK 


The  application  of  the  technique  of  translational  energy  spectroscopy  in 
a  furnace  target  arrangement  to  provide  the  first  state-selective  measure¬ 
ments  of  one  electron  capture  by  slow  (v  <  1  a.u.)  multiply  charged  ions 
in  atomic  hydrogen  is  described.  Results  for  C'T'^  and  N‘l'''(q  =  2,3)  are 
presented  and  the  influence  of  raetastable  primary  ions  discussed.  State 
selective  one  electron  capture  cross  sections  for  N-'’+  and  C^'*'  in  H  are 
compared  with  theory  and  in  the  case  of  C’’*'  with  the  recent  data  from  the 
complementary  technique  of  photon  emission  spectroscopy. 


1.  INTRODUCTION 

The  electron  capture  process 

+  H{ls)  ^  (n,t)  +  H"^  (1} 

involving  multiply  charged  ions  and  hydrogen  atoms  resulting  in  the  production 
of  specific  states  n,t  of  the  product  ion  plays  an  important  role  in 

both  astrophysical  and  fusion  plasmas.  At  low  collision  velocities  {v  <  1  a.u. 
or  25  keV  amu"')  a  quasi-molecular  description  of  the  collision  system  is  appro¬ 
priate  and  the  electron  capture  process  (1)  can  be  considered  as  the  result  of 
transitions  between  the  adiabatic  potential  energy  curves  of  the  initial  and 
final  molecular  states.  Selective  capture  into  a  limited  number  of  product  ion 
states  occurs  with  maximum  probability  via  pseudo-crossings  of  these  curves 
which,  for  exothermic  reaction  channels  with  energy  defects  A£,  occur  at  inter- 
nuclear  separations  R^;  --  (q-l)/AE  a.u.  (neglecting  polarisation). 

The  first  experimental  studies  of  (1)  were  carried  out  in  our  laboratory  (1) 
where  the  feasibility  of  using  translational  energy  spectroscopy  TES  in  conjunc¬ 
tion  with  a  tungsten  tube  furnace  to  provide  a  target  of  highly  dissociated 
hydrogen  was  demonstrated.  In  this  method  the  primary  ion  beam  Xd*  of  well 

defined  energy  Ti  is  passed  through  the  target.  If  the  kinetic  energy  of  the 

forward  scattered  xtd"')'*'  ions  formed  as  products  of  single  one  electron  capture 
collisions  is  measured  as  T2  then  the  energy  change 

aT  =  Tj  -  Tj  =  aE  -  AK  (2( 

where  aE  is  the  energy  defect  of  a  particular  collision  channel  in  (11  character¬ 

ised  by  the  initial  and  final  states  of  both  the  target  and  projectile,  and  aK 
is  the  recoil  energy  of  the  target.  Provided  aE/Ti  <<  1  and  scattering  angles 
are  small  then  the  observed  change  in  translational  energy  aT  ~  aE.  This 
technique  requiring  only  very  low  primary  beam  intensities  of  "^lO'  counts/s  is 
capable  of  providing  an  unambiguous  indication  of  the  presence  and  influence  of 
any  metastable  species  present  in  the  primary  beam.  Moreover,  with  a  knowledge 
of  the  total  one  electron  capture  cross  sections,  state-selective  cross  sections 
can  be  determined  in  a  direct  manner  enabling  the  first  detailed  comparisons 
with  theory  to  be  made. 

This  method  has  now  been  successfully  applied  in  this  laboratory  (McCullough 
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et  al  (2),  Wilkie  et  al  (3),  (4))  for  collisions  involving  0.6-18  keV  and 
(q  =  2,3)  ions  in  atomic  hydrogen. 

Recently,  the  Amsterdam/Groningen  group  (Ciric  et  al  (5),  (6)  and  Dijkkamp  pt 
al  (7),  have  used  photon  emission  spectroscopy  (PES)  for  state-selective  electron 
capture  studies  of  7-120  keV  multiply  charged  ions  of  C,  N  and  0  in  ato-ic  hydro¬ 
gen.  In  the  PES  method,  data  is  obtained  from  an  analysis  of  emission  cross 
sections  for  spectral  lines  emitted  in  the  spontaneous  decay  of  the  excited 
products  of  single  collisions.  This  method  which  is  capable  of  much  higher 
energy  resolution  than  TES  requires  primary  beam  intensities  several  orders  of 
magnitude  larger  and  requires  data  on  energy  levels,  transition  probabilities 
together  with  absolute  photon  detection  efficiency  calibrations  of  several 
spectrometers.  In  contrast  to  TES,  capture  processes  resulting  in  the  formation 
of  either  ground  state  or  long  lived  excited  states  of  the  product  ion  cannot  oe 
studied  by  the  PES  method.  The  two  methods  are  therefore  complementary. 


2.  EXPERIMENTAL  APPROACH 

The  basic  apparatus  and  method  of  measurement  was  the  same  as  that  described 
in  our  previous  work  (Lennon  et  al  (8),  Wilkie  et  al  (3)  so  that  only  the 
essential  features  and  recent  improvements  need  be  summarised  here. 

A  beam  of  primary  ions  X‘1'*'  derived  directly  from  an  oscillating  electron  type 
ion  source,  was  momentum  analysed  by  magnetic  deflection.  The  ions  were  then 
focussed  and  decelerated  in  passage  through  an  electrostatic  lens  to  an  energy 
typically  between  20  q  and  120  q  eV  before  passing  through  two  electrostatic 
hemispherical  analysers  to  select  ions  with  an  energy  spread  down  to  0.17  q  eV 
FWHM.  After  acceleration  the  ions  passed  through  two  diametrically  opposed 
apertures  midway  along  a  tungsten  tube  furnace  into  which  hydrogen  gas  flowed  at 
a  constant  rate.  The  furnace  tube  was  heated  by  passing  a.c.  directly  through 
it  and  was  maintained  at  collision  potential  while  the  surrounding  heat  shield 
and  walls  of  the  vacuum  chamber  housing  were  baised  negatively  with  respect  to 
the  furnace  to  prevent  ions  formed  by  electron  capture  in  the  residual  gas  out¬ 
side  the  furnace  from  contributing  to  the  measured  signals. 

The  furnace  was  operated  either  at  room  temperature  as  a  simple  gas  cell 
containing  H2  or  at  a  temperature  of  about  2400  K  to  provide  a  tffrjget  of  highly 
dissociated  hydrogen  with  an  estimated  degree  of  dissociation  of  at  least  92 
compared  to  the  v-  75°'  achieved  in  our  earlier  work  (1).  The  hydrogen  flow  rate 
to  the  furnace  was  at  all  times  low  enough  to  ensure  single  collision  conditions. 

Forward  scattered  x(1  '''■  ions  formed  as  products  of  single  collisions  were 

Focussed  and  decelerated  by  an  electrostatic  lens  and  energy  analysed  by  a  third 
hemispherical  electrostatic  analyser  which  was  operated  with  a  FWHM  energy 
resolution  down  to  0.17  (q-1)  eV.  The  geometry  of  the  furnace  tube,  product  ion 
analyser  and  detector  was  such  that  ions  x(d'l)+  scattered  within  a  mean  half 
angle  of  0.5°  were  detected. 

In  all  our  previous  work  the  energy  analysed  product  ions  passed 

through  a  1  mm  diameter  aperture  at  the  exit  of  the  final  analyser  and  were 
detected  by  a  multiplier  operating  as  a  single  particle  counter.  The  energy 
change  spectrum  was  thus  seen  as  a  linearly  dispersed  image  of  which  only  a 
small  fraction  could  be  sampled  by  voltage  scanning  at  any  instant.  Recently, 
we  have  used  a  position  sensitive  detection  system  PSD  similar  to  that  described 
by  Hicks  et  al  (9)  which  simultaneously  records  the  intensity  and  position  of 
the  dispersed  image  to  obtain  a  considerable  increase  in  the  effective  product 
ion  detection  efficiency. 

An  energy  change  spectrum  which  previously  required  an  accumulation  time  of 
approximately  2  hours  could  be  obtained  in  90  seconds  with  the  same  statistical 
accuracy.  This  has  enabled  higher  resolution  measurements  to  be  made  which  were 
previously  precluded  by  the  need  for  very  long  counting  times.  This  improved 
experimental  arrangement  has  enabled  measurements  of  higher  statistical  accuracy 
combined  with  a  factor  of  ■  2  increase  in  eneigy  resolution  to  be  carried  out. 
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Also  the  higher  dissociation  fractions  resulted  in  a  negligible  contribution 
from  channels  involving  undissociated  hydrogen  to  our  observed  energy  change 
spectrum  for  atomic  hydrogen. 


3.  RESULTS  AND  DISCUSSION 

3.1  Measurements  for  and  N^'*'  in  H 

Energy  change  spectra  for  one  electron  capture  by  C^'*'  ions  in  H  were  obtained 
in  the  energy  range  2-8  keV  and  for  N2+  in  H  in  the  energy  range  0.6-8  keV.  Fig 
1  shows  a  measured  energy  change  spectrum  for  in  H  at  4  keV  with  vertical 
lines  indicating  the  energy  changes  aT  -  aE  corresponding  to  each  reaction 
channel  id  labelled  according  to  the  C'*'  state  formed. 


FIGURE  1 

Energy  change  spectrum  for  one  electron  capture  by  4  keV  C^'*' 
ions  in  H.  An  asterisk  indicates  channels  involving  metastable 
(;?+(3p0)  primary  ions  (see  text). 

Channels  involving  metastable  C^'*'("’P'’)  ions  (labelled  with  an  asterisk)  are 
clearly  identified.  Our  results  within  the  energy  range  2-8  keV,  indicate  that 
between  60  and  65?;  of  the  total  C'*'  product  yield  arises  from  exothermic  channels 
associated  with  C^'''(^P*’)  metastable  ions  in  the  primary  beam.  The  presence  of 
this  unknown  metastable  fraction  precludes  a  determination  of  tlie  individual 
cross  sections  for  one  electron  capture  by  either  C^'*'  metastable  or  ground  state 
ions.  However,  theoretical  studies  of  charge  transfer  in  thermal  energy  C^'''(*S) 
-H(IS)  collisions  by  McCarrol  and  Valiron  (10)  and  by  Heil  et  al  (11)  predict 
that  C^''’(^D)  formation  with  an  energy  defect  aE  =  1.48  eV  provides  the  main 
contribution  to  the  C^  product  yie’d.  This  is  in  accord  with  our  observations 
for  the  ground  state  primary  ions.  This  example  clearly  illustrates  the  exper¬ 
imental  problems  incurred  when  the  primary  ion  beam  contains  an  unknown  fraction 
of  metastables.  It  is  possible  to  overcome  these  problems  using  the  technique 
of  Double  Translational  Spectroscopy  as  illustrated  by  Huber  and  Kahlert  (12) 
for  the  case  of  Ar-’^-He  collisions. 

Figure  2  shows  typical  energy  change  spectra  for  2  and  6  keV  N^'*'  ions  in  H 
together  with  a  typical  primary  ion  beam  energy  profile  (FWHM  1.0  eV).  Measure¬ 
ments  in  a  subsidiary  experiment  using  a  beam  attenuation  technique  indicated 
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FIGURE  2 

Energy  change  spectra  for  one  electron  capture  by  (a)  6  keV  and 
(b)  2  keV  N2+  ions  in  H.  Inset  (c)  shows  energy  profile  of 
primary  N2+  ions. 


that  the  N^"''  primary  ion  beams  were  almost  entirely  in  the  ground  state 

with  only  a  few  percent  in  the  metastable  state.  Moreover,  channels 

involving  N2+(‘‘P)  primary  ions  have  similar  energy  defects  to  those  for  N^'''(^P°) 
ground  state  primary  ions  and  are  thus  expected  to  have  similar  cross  sections. 

As  a  result  our  observed  energy  change  spec' i  a  for  N^'*’  ions  in  H  can  be  treated 
as  though  the  primary  ion  beam  was  entirely  in  the  N^+(^P^)  ground  state. 

The  main  reaction  channels  indicated  by  the  vertical  lines  at  aT  =  aE  in 
Fig.  2  are:- 

N2+(ls22s22p)2p0  +  H  ->  N'^(1s22s2p^)3dP  +  H+  with  aE  =  4.55  eV  and  a.u. 

-I-  N+(1s22s2p3)3po  +  H+  with  aE  =  2.45  eV  and  R(.  =  ll.l  a.u. 

-  N+(ls22s2p3)'0'’  +  H+  with  aE  =  -1.89  eV 

N+(lsJ2s22p3p)3p  +  H+  with  aE  =  -5.17  eV 

A  simple  deconvolution  technique  (McCullough  et  al  (2))  was  used  to  determine 
the  relative  contributions  of  these  four  main  collision  channels  to  the  total  N+ 
yi'.'ld.  Separate  cross  sections  for  capture  into  ’pn^  ipo  and  ^p  states  of 
N'*’  were  obtained  by  reference  to  our  measured  total  cross  sections  o^j. 

Figure  3  shows  the  state-selective  cross  sections  and  the  measured  total 
cross  section  o^i  together  with  the  theoretical  prediction  by  Dalgarnc  et  al  (13) 
using  a  molecular  approach  (Heil  et  al  (14)).  Theory  predicts  that  capture  into 
N'''(3D°)  provides  the  main  contribution  to  o^).  For  low  impact  energies  l,‘.  to 

about  3  keV  the  agreement  between  theory  and  experiment  is  good.  However,  above 

3  keV  our  measured  values  for  the  N''^(TDt>)  product  channel  fall  increasingly 
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below  theory.  Other  reection  channels  not  accounted  for  by  theory  are  seen  to 
provide  increasing  contributions  to  the  total  cross  section  above  about  3  keV. 


FIGURE  3 

Cross  sections  for  electron  capture  by  N2+  ions  in  H.  Present  data; 
Open  circles  ojj  total  one  electron  capture  cross  sections.  Solid 
symbols  cross  sections  for  capture  into  states  indicated.  Theory: 
cross  sections  for  capture  into  N''’(^D®)  from  reference  (13). 


3.2  Measurements  for  C^'*’  and  N3+  in  H 

Measurements  for  C^'*’  ions  in  H  have  been  carried  out  for  impact  energies  in 
the  range  1.5-18  keV  with  an  energy  resolution  of  about  1.7  eV  FWHM  which  is 
almost  a  factor  of  2  better  than  our  previous  measurements  (2).  Figure  4  shows 
a  comparison  between  the  present  and  previous  energy  change  spectrum  for  15  keV 
C’'*’  in  H,  while  the  main  features  are  in  good  agreement,  the  present  measure¬ 
ments  show  clear  evidence  of  additional  channels  in  the  energy  change  region 
below  2.15  eV  previously  attributed  to  a  single  collision  channel  involving 
C^'*'(2s3p) production.  As  in  our  previous  work  the  contribution  to  the 
observed  energy  spectrum  from  channels  involving  undissociated  H2  was  negligible. 

product  channels  which  may  contribute  to  the  observed  energy  change  spectra 
(see  Fig.  4)  are:- 


(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(G) 

(H) 


C?+{ls^2s3d)>0  -  0.02  eV 
C2  +  (ls22s3d)3D  +  0.78  eV  with  R^. 
C2+(ls22s3p)3p'’  +  2.05  eV  with  R^ 
C2+(ls22s3p)»P'>  2.15  eV  with  R,- 

C'’+(ls?2s3s)>S  +  3.61  eV  with  R^. 
C2+(1s22s3s)3s  +  4.72  eV  with  Rj- 
C2+(ls22p2)'S  +  11.63  eV  with  R^- 
C2  +  (ls22p2)>D  +  16.17  eV  with  R^. 


67.7  a.u. 

26.5  a.u. 
25.3  a.u. 
15.1  a.u. 

11.5  a.u. 
4.7  a.u. 
3.4  a.u. 


A  simple  deconvolution  technique  (2)  was  used  to  obtain  relative  cross 
sections  for  the  resolvable  channels.  The  separate  contributions  from  G  and  H 
were  determined  together  with  the  combined  contributions  from  E  +  F,  C  +  D  and 
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ENERCr  CHANGE  AT  («vl 


FIGURE  4 

Energy  change  spectra  for  one  electron  capture  by  15  keV  in 
H  using  (a)  position  sensitive  detector  (b)  particle  multiplier 
from  McCullough  et  al  (2). 

A  +  E.  The  symmetry  of  the  peak  centred  on  4.72  eV  indicates  that  the  contri¬ 
bution  from  channel  E  is  negligible.  Cross  sections  for  the  formation  of  these 
channels  were  then  determined  (as  in  our  previous  work)  by  reference  to  the 
total  one  electron  capture  cross  sections  03^  calculated  by  Bienstock  et  al  (15) 
which  agree  well  with  experimental  values  over  a  wide  range  (see  figure  5d). 

Figure  5  shows  the  cross  sections  for  channels  F,  G,  H,  (C  +  D)  and  (A  +  B) 
determined  in  this  way.  These  can  be  seen  to  be  in  good  agreement  with  our 
previous  experimental  values  (2).  Within  the  limits  of  the  combined  experimental 
uncertainties  it  can  also  be  seen  that,  while  there  are  some  differences,  there 
is  a  reasonable  overall  degree  of  accord  in  the  energy  range  of  overlap  with  the 
9-60  keV  cross  sections  measured  recently  by  Ciric  et  al  (5)  using  the  PES 
technique.  In  our  data  uncertainties  associated  with  the  deconvolution 
procedure  are  shown  where  significant.  Ciric  et  al  (5)  estimate  uncertainties 
(not  shown  in  figure  5)  of  approximately  30T.  due  to  systematic  errors  and 
approximately  lOT  due  to  random  errors  for  the  major  channels  with  larger 
unspecified  uncertainties  for  the  minor  channels. 

Calculations  by  Bienstock  et  al  (15)  which  are  based  on  a  full  quantal  quasi- 
molecular  description  predict  strong  adiabatic  coupling  for  the  collision 
channels  F,  G,  C  and  H.  Cross  sections  calculated  for  these  channels  are 
included  in  figure  5.  For  channels  F  and  G,  our  measured  cross  sections  are  in 
good  accord  with  the  theoretical  predictions  but,  beyond  our  energy  limit,  the 
PES  cross  sections  fall  increasingly  below  the  theoretical  values. 

Our  cross  sections  for  channels  C  +  D  can  be  seen  to  be  in  reasonable  agree¬ 
ment  at  the  lower  impact  energies  with  the  theoretical  estimates  for  channel  C 
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FIGURE  5 

Cross  sections  for  one  electron  capture  by  C  ions  in  H  leading  to  C*’* 
in  specified  states  (channel  A-H  in  text).  Experiment:  Solid  symbols 
present  results  (4).  Crosses,  previous  results  (2).  Open  symbols  PES 
results  (5).  Half  shaded  symbols  experimental  total  cross  sections 
N:  (see  ret  (2)).  Theory  from  ref  (15);  Solid  curves  dashed 
curves  cross  sections  for  capture  into  states  indicated. 

alone.  This  suggests  that  the  contribution  from  channel  D  is  small.  This  is 
confirmed  by  the  PES  measurements  which  have  a  resolution  high  enough  to 
separate  the  contributions  from  C  and  D.  Their  measurements  show  that  below  12 
keV  the  contribution  from  0  is  small,  but  becomes  comparable  with  that  from  C  at 
higher  energies.  Nevertheless,  the  PES  cross  sections  for  C  +  D  at  the  higher- 
impact  energies  can  be  seen  to  fall  below  the  theoretical  values  for  C  alone. 

In  the  case  of  collisions  we  have  obtained  energy  change  spectra  for 

collision  energies  of  2.1-15  keV.  The  main  peak  corresponding  to  an  energy 
change  of  6.4  eV  accounts  for  90T  of  the  N-’’*'  at  2.1  keV  and  62  at  15  keV.  The 
smaller  peak  at  about  3.3  eV  contributes  about  3  of  the  N'+  yield  at  2.1  keV 
rising  to  about  16  at  15  keV.  There  are  smaller  contributions  from  numerous 
unresolved  channels. 

The  interpretation  of  the  energy  change  spectra  in  this  case  is  complicated 
by  the  presence  in  the  primary  beam  of  an  unknown  fraction  of  metastable 
N"''*'(ls’2s2p)  ^P  as  well  as  ground  state  N^+( ls-2r^)  *S  ions  for  which  there  are 
numerous  closely  spaced  collision  channels.  The  main  peak  in  the  energy  change 
spectra  can  be  correlated  with  the  two  unresolved  channels;- 

(A)  N''+(‘S)  +  H(ls)  -  N^+(ls^2s^3s)5S  +  H+  with  aE  =  6.38  eV  and  R(-'8.5  a.u. 

(B)  N<+(3p)  +  H(ls)  -  N^  +  (?s2p3d)'’P"  +  H+  with  aE  =  6.48  eV  and  Re'S. 4  a.u. 

Provided  the  cross  sections  for  channels  A  and  B  (for  which  aE  differs  by  only 
0.1  eV)  do  not  differ  greatly,  we  might  expect  the  yeild  associated  with 
this  peak  to  be  approximately  the  same  as  if  the  N^'*'  ions  were  entirely  in  the 
ground  state. 
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The  smaller  peak  at  about  3.3  eV  seems  likely  to  contain  a  significant 
contribution  from  the  ground  state  primary  ion  channel. 

(C)  n3+(1S)  +  H(ls)  N2+(2s23p)2p'’  +  H+  with  aE  =  3.35  eV  and  Rj  ^  16.2  a.u. 

but  may  also  contain  contributions  from  as  many  as  eight  channels  involving 
metastable  primary  ions. 

Quantal  calculations  for  electron  capture  by  N3''’('S)  ground  state  ions  carried 
out  by  Bienstock  et  al  (16)  and  by  Gargaud  and  McCarroll  (17)  predict  that 
channel  A  should  account  for  at  least  94%  of  the  total  N^'*'  yield  over  the  present 
energy  range.  Our  measurements,  while  confirming  the  dominance  of  channel  A, 
indicate  that  channel  C  (not  accounted  for  by  theory)  and  other  minor  channels 
with  energy  defects  in  the  range  8-22  eV,  become  increasingly  important  as  the 
energy  is  increased  from  2.1  to  15  keV. 


CONCLUSIONS 

Translational  energy  spectroscopy  together  with  a  furnace  target  arrangement 
has  been  successfully  applied  to  state-selective  studies  of  one  electron  cap¬ 
ture  processes  for  slow  multiply  charged  ions  in  atomic  hydrogen.  Together  with 

the  PES  technique,  detailed  experimental  checks  on  theory  can  now  be  carried  out 

to  provide  a  better  understanding  of  the  nature  of  these  processes.  Work  is  now 

in  progress  to  extend  these  measurements  to  higher  charge  states  and  other 

primary  ion  species  of  astrophysical  and  fusion  interest. 
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One-electron  capture  by  very  highly  stripped  iodine  ions, 

)  from  He  atoms  have  been  investigated  at  the  collision 
energies  of  0.75q  -  2,25q  keV*  In  contrast  to  low-q  ions  (q<10),  the 
total  cross  sections  observed  have  shown  no  oscillatory  behavior  with 
q,  but  increase  monotonously  with  the  increase  of  q.  Population  dis¬ 
tributions  among  electron  capturing  states  in  product  ions  have  been 
also  measured  by  translational  energy  spectroscopy,  and  it  was  found 
that  the  electrons  are  transferred  into  a  few  selective  high  Rydberg 
states.  These  experimental  results  have  been  compared  with  the  multi¬ 
channel  Landau-Zener  (MCLZ)  calculations. 


1.  INTRODU'^^’Iw/N 

Final-State  analysis  has  been  one  of  the  interesting  and  important 
sub;)ects  in  the  study  of  ti.e  electron  capture  by  slow  {v<l  a.u.)  and  highly 
stripped  ions  from  neutral  atoms,  and  has  been  r'^viewed  recently  by  several 
authors  li-3).  So  far  we,  the  NICE  group  in  IPP  Nagoya,  have  measured 
systematically  final-state  distributions  by  uoing  energy  spectroscopy  as  well 
as  total  cross  sections  for  one  electron  capture  processes  in  the  slow  colli¬ 
sions  of  highly  stripped  cq'^(3£q£6),  Nq'*'(4£qS7),  0^'*'(5£qS8),  F9+(6Sq£8), 

Ne'^'^(7<q<9),  SCl'^(q=il,13)  and  Kr'^'*'(7Sq£25)  with  He  atoms; 

-t-  B  ■»  +  B'*'  +  AE,  (1) 

where  3  is  He  atom,  Ae  is  the  reaction  energy,  and  n  and  1  are  the  principal 
and  the  azimuthal  quantum  numbers,  respectively.  The  results  have  been 
published  in  a  series  of  our  previous  papersl4-15]  and  leviewed  by  Ohtani  in 
XIIL  ICPEAC  in  Berlin  together  with  related  work  made  by  other  groups  111.  The 
main  results  obtained  for  the  process  (1)  are  summarized  as  follows. 

1)  When  is  highly  stripped  and  q  is  less  than  10,  electron  capture 

processes  show  very  similar  behavior  for  the  same  charge  state  q  irrespectively 
of  element  species;  for  the  same  q-ions  the  electron  is  captured  selectively 
into  the  same  single  n-state.  The  total  cross  sections  oscillate  with  q 
particularly  for  low  q-ions,  and  gradually  increase  with  q.  The  classical  one- 
electron  model  [16]  predicts  almost  satisfactorily  the  capturing  levels  and 
explains  the  oscillatory  behavior  in  the  q-dependence  of  cross  sections 
qualitatively,  but  fails  in  reproducing  the  total  cross  sections  and  in 
explaining  the  capture  into  more  tha.i  two  n-states  as  observed  when  q>=9, 

2)  In  the  system  +  B  several  potential  curves  of  the  product  states 

cross  with  that  of  the  initial  state.  As  for  q<10,  the  crossing  distance 
leading  to  the  observed  final  states,  Rc,  is  limited  to  rather  a  n.trrow  region 
called  "reaction  window"  which  is  centered  at  around  3.5  %  111,17]. 

3)  In  the  cases  of  partially  but  highly  stripped  Kr^'^(7iqi25),  and 

ions,  there  always  exist  several  crossings  within  the  reaction  window.  The 

window  seems  to  shift  toward  larger  in  collisions  of  higher  q-ions,  and  the 
total  cross  section  increases  monotonously  with  the  increase  of  q. 


472 


M.  Kimttra 


In  orde^r  to  ‘  better  understanding  of  the  process  (i)  over  a  wide  range 
of  q  we  have  then  applied  to  those  systems  a  simpler  and  more  straightforward 
method,  which  is  based  on  the  multichannel  Landau“2ener  model  and  obtained 
fairly  good  agreement  with  our  measurements  (13].  In  the  present  work  we  exLt-r.d 
our  study  to  very  highly  stripped  iodine  ions  to  confirm  the  picture  we  have 
hitherto  obtained  for  the  process  (1).  This  is  a  measurement  with  the  highest 
primary  charge  states  so  far  involved. 


2.  t'XPE’RIMENTAL  PROCEDURES  AND  RESULTS 

The  ion  source  NlCE-l  employed  in  the  present  study  is  of  EBIS  (Electron 
^eam  Jpn  Source)  type.  Successive  ionizations  by  strongly  confined  eIt.^>,xon 
beam  of  2.4  keV  produce  highly  stripped  iodine  ions.  As  shown  in  Pig.l/  ions  up 
to  1^2+  clearly  observed.  Target  He  gas  wai  introduced  into  a  cell  of  2  cm 
in  length  and  the  pressure  inside  the  cell  was  less  than  p^.  Total  cross 

sections  for  charge  state  q<=41  have  been  determined  from  the  initial  growth 
rate  of  product  ions.  On  the  other  hand,  the  energy  gam  spectra  of  the  product 
ions  were  recorded  through  a  12'?t>-eriectrostatic:  energy  analyzer  for  charge 
state  q<-36  in  order  to  determine  the  final  state  dis<,r ihutions.  Detailed 
descriptions  of  these  methods  have  been  given  in  Refs.  10  and  15, 

The  total  cross  sections  were  nearly  independent  of  collision  energies 
studied,  and  the  cross  sections  obtained  at  l,25q  keV  are  shown  in  fig.o 
together  with  data  for  ions.  Though  collision  energy  ar:d  i  jnic  species  are 

different  between  them,  all  the-  data  are  smoothly  connected  w?t;i  each  other, 
and  the  total  cross  sections  increase  monotonously  with  the  i..':roL=JSe  of  q. 

Some  typical  eneray  gain  spectra  are  shown  in  Figs.  J  and  4;  t.lie  {.---sition  of 
the  main  peak  shifts  toward  large  R^  with  the  increase  of  q. 


rig.] 


Charge  state  distribution  of  ions  {  roducod  in  NICL'-l. 
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3.  MULTICHANNEL  LANDAU-ZENER  (MCLZ)  MODEL 

As  stated  in  Section  1  potential  curves  of  several  final  channels  cross 
with  the  initial  channel.  If  we  assume  Coulomb  interaction  only  in  the  product 
channels,  the  crossing  distance  of  the  potential  curves  is  expressed  by 
Rp(A)  =  14.4(q-l  )/aE(eV).  (2) 

Here  AE  is  the  difference  between  the  ionization  potentials  of  the  excited 
product  ion  and  that  of  the  B  atom;  different  excited  states  of 

A^Q‘i)-*-(n,l)  correspond  to  different  values.  At  these  curve  crossings  strong 
coupling  occurs,  leading  to  the  electron  transfer. 

When  the  cross  section  is  calculated  according  to  the  Landau-Zener  model, 
the  important  problem  is  to  estimate  the  coupling  matrix  element  H12  at  the  R^. 
Analytical  forms  of  H;^2  one-electron  capture  processes  by  multicharged  ions 
were  proposed  by  several  authors.  After  some  trials,  we  have  found  that  ^12* 
derived  by  Olson  and  Saloptl8j  shows  a  good  agreement  with  a  series  of  our 
previous  measurements  after  reducing  their  expression  by  40%,  Thus  the 
expression  we  adopted  in  the  present  calculation  is 

^12"^*^  X  9,i3q"^'^^oxp(-X,324aq“^/^R^J,  (all  in  a.u.)  (3) 

where  and  I^^  is  the  ionization  potential  of  the  target  atom. 

As  far  as  a  single  potential  curve  crossing  is  concerned,  the  Landau-Zener 
cross  section  is  fairly  large  only  when  the  coupling  matrix  element  Hj^2  ^ 

suitable  value,  i,e.  neither  too  large  nor  too  small  value.  As  seen  in  Eq,(3), 
the  Hj^2  sharply  dependent  on  Therefore,  when  the  charge  state  q 

becomes  higher,  the  reaction  proceeds  with  a  large  probability  even  at  large 
internuclear  distance.  This  is  consistent  with  the  trend  found  in  our  observa¬ 
tions  that  for  higher-q  10ns  the  favorable  crossing  distance  shifts  toward  a 
larger  value.  Since  the  H^2  depends  very  sensitively  on  the  reaction 

proceeds  through  crossings  located  only  in  a  rather  narrow  and  restricted 
region;  this  situation  leads  to  the  existence  of  the  reaction  window.  It  should 
be  noted,  however,  that  such  a  reaction  window  has  a  definite  meaning  for 
collision  systems  with  the  similar  q  and  the  similar  collision  velocity.  Having 
determined  the  coupling  matrix  element  Hj^2  crossing,  one  can  calculate 

transition  probability  and  then  the  partial  cross  section  of  a  specified  exit 
channel  A^^"^^'^(n,l)+He‘'‘.  The  general  expression  of  the  probability  for  a 
particular  product  ionic  level  when  there  are  N  possible  reaction  channels  is 
given  by  Salop  and  Olson  [19],  assuming  that  the  interference  effect  between 
the  possible  exit  channels  can  be  neglected.  In  the  following  sections,  we 
calculate  individual  cross  sections  according  to  the  multichannel  Landau-Zener 
(MCLZ)  model  and  compare  them  with  the  expe^-imental  results. 

4,  HIGHLY  STRIPPED  IONS  OF  C,N,0,F  AND  Ne 

In  Fig.2  are  compared  one-electron  capture  cross  sections  measured  pre¬ 
viously  with  MCLZ  calculations  for  10ns  with  relatively  small  atomic  number  as 
a  function  of  crossing  distance  R^[13).  For  the  widely  split  distribution  of 
the  capturing  levels  in  the  observed  spectra,  the  cross  sections  are  divided 
according  to  the  observed  peak  intensity  in  the  energy-gain  Ae  spectra,  and 
only  data  for  stronger  peaks  are  shown.  The  two  dotted  curves  represent  ttr^2 
1/27TR^2^  classical  cross  section.  Most  cross  sections  are  less  than  1/2ttRj^2 
because  there  exist  no  crossings  very  near  to  the  center  of  the  reaction  window. 
In  cases  where  several  1  states  in  a  single  n-state  are  degenerate  as  for  H-like 
products,  n  level-crossings  have  been  assumed  in  our  MCLZ  calculations.  As  seen, 
the  agreement  between  our  measured  data  and  calculations  is  satisfactory  except 
for  q=4  and  q=6  ions, which  have  the  crossings  at  the  left  wing  of  the  reaction 
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Fiq.2 

One-electron  capture 
cross  sections  versus 
crossing  distance  Rc  in 
A‘^‘*’+ne  collisions  at  the 
energy  of  600  eV/afnu, 
Experimental  data  in 
Ref. 5  (open  symbols)  are 
compared  with  the  MCLZ 
calculations  (black 
symbols).  Pro jecti le 
charge  q  is  written 
beside  the  symbols.  The 
upper  and  lower  broken 
lines  represent 
and  l/27TRf.2^  respectively. 


window.  In  such  small  distances  our  simple  assumption  on  the  potential  curves 
does  not  hold  any  more  and  also  the  scaled  coupling  matrix  element  H22  becomes 
inaccurate . 

Another  technique,  photon  spectroscopy,  is  also  used  to  investigate  the 
final-state  analysis  by  de  Heer  and  coworkers  [20)  for  the  collisions  of  highly 
stripped  C,  N,  0  and  Ne  10ns  with  He.  Their  observations  are  consistent  with 
ours . 


5.  IONS  IN  VERY  HIGH  CHARGE  STATE:  Kr^*{7iq<25)  AND  ■*■  (  10  <  q  l4  1  ) 

We  have  no  accurate  knowledge  about  the  energy  levels  of  and 

j(q-l)+  observed  in  the  present  study.  However,  quite  a  large  number  of  product 
channels  should  cross  with  the  initial  channel.  Thus  we  make  a  further  assump¬ 
tion;  these  ions  have  the  hydrogen-like  energy  levels.  This  seems  to  be  reason¬ 
able  because  an  electron  is  captured  predominantly  into  high  Rydberg  states  for 
very  high  q-ions.  Then  they  are  assumed  to  have  ionization  potentials  of 
I3,6q2/n*2  (eV),  where  n*  is  the  effective  principal  quantum  number.  For 
simplicity  we  assume  that  each  n*-state  consist  of  n*  sublevels,  and  that  the 
coupling  with  the  initial  state  is  given  by  the  expression  (3),  In  Fig, 3(a)  are 
shown,  as  a  typical  example,  the  relevant  potential  curves  and  the  observed 
translational  energy  spectrum  of  i29+  ions  produced  in  l30+  +  He  collision.  For 
comparison  is  also  shown  in  (b)  the  predicted  spectrum,  which  was  obtained  from 
the  convolution  of  the  n*-distributions  calculated  by  using  MCLZ  model.  It  is 
noted  here  that  states  with  the  crossing  distance  in  the  interval  from  5  to 
10  %  are  populated;  this  interval  corresponds  to  n*=10-14,  and  the  window  is 
far  outside  of  those  seen  in  collisions  of  ions  with  lower  charge  state  q<10. 
The  MCLZ  can  well  reproduce  the  spectrum  except  for  the  observed  small  peak  at 
the  wing  of  higher  energy  gain.  The  latter  peak  is  perhaps  due  to  the  transfer 
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ionization,  i.e.  the  collisional  Auger  process  after  double  electron  capture 
from  He  atom.  Such  a  process  is  always  observed  when  q  is  large  enough  and  the 
targets  are  multielectron  atoms  {21 J. 


Fig. 3 

(a)  Translational  energy 
spectrum  of  l29+  potential 
energy  curves  in  the 
system.  The  energy  curves 
corresponding  to  double  electron 
capture  processes  are  shown  by 
dotted  curves,  (b)  Energy  spectrum 
(solid  curve)  convoluted  from  the 
calculated  partial  cross  sections 
(broken  curves). 


b)  HCLZ 


In  Fig. 4  are  shown  the  observed(a)  and  calculated(b)  translational  energy 
spectra  for  q=15,  25  and  35.  The  quantity  AE/(q*-l),  where  AE  (in  eV)  is  the 
energy  gain  observed  at  the  main  peak,  becomes  small  when  q  increases.  This 
means  that  the  crossing  distance  R(,=14,4(q~l)/AE  becomes  large  with  the 
increase  of  q,  reflecting  that  the  coupling  Hi2  still  strong  enough  for 
higher  q  even  at  larger  internuclear  distances.  The  relative  shapes  of  the  MCLZ 
spectra  obtained  by  the  same  procedure  as  for  the  case  of  q=30  are  again  in 
satisfactory  agreement  with  the  present  observations. 
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Fig. 4  Translational  energy  spectra  of  ions  in  the 

systems  at  the  collision  energy  of  1.25q  keV  are 
compared  to  the  MCLZ  predictions  for  a)q»15,  b)qs25  and  c)q»35. 


( n-distributions ] 

From  the  peak  positions  in  energy  gain  spectra  -we  have  determined  the 
capturing  level  n*  through 

AK=13.C.q^/n*^-l^,  (  4  ) 

where  is  the  ionization  potential  of  target  atom.  On  the  other  hand,  the 
MCLZ  calculation  gives  the  n*-distribotion;  from  this  distribution  we  have  also 
determined  the  weighted  average  of  the  capturing  level  n*,  which  is  compared 
with  the  experimental  n*  in  Fig. 5.  According  to  the  classical  model,  the  most 
probably  populated  final  state  energy  level  chould  asymptotically  show 
O.SSSq^/'^  dependence  for  the  He-target  when  q  is  very  large!  2).  Both  our 
observations  and  calculations  for  n*-distributions  seem  to  follow  this  scaling, 
(Total  cross  sections  1 

Measured  and  calculated  total  cross  sections  for  one-electron  capture  are 
shown  in  Fig, 6  together  with  the  data  for  Kr‘^'*',  They  agree  well  with  the  scaled 
form  of  which  was  derived  bv  Muller  and  Salzborn  (22J  and  shown  in 

broken  straight  line.  The  MCLZ  somewhat  overestimates  the  cross  sections  for 
higher  q  ?ons;  this  is  caused  probably  by  the  present  simple  assumptions. 
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Fig.  5 

Ef f cfctive  principal 
quantum  number  n*  of 
the  electron  capturing 
level  as  a  function  of 
q,  O,  experimental 
and  X/  calculated 
results  in 
collisions.  •, 

[12  1;  A,  C^-*- 

Ne'^'^+He  [6,6,10 
and  11 j  collisions. 

The  broken  line 
represents  the 
asymptotic  form 
derived  from  the 
classical  model. 
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Fig. 6 

Observed  and  calcu¬ 
lated  total  one- 
electron  capture  cross 
sections  as  a  function 
of  charge  q  in  and 

Kr‘^’*'  +  He  collisions. 

in  +  at  the 
energy  of  l,25q  keV; 

+,  the  MCLZ  calcula¬ 
tion;  - ,  empirical 

formula  [22],  Symbols# 
f  12],  A[23),  V(24]  and 
□  l251  show  Kr^’^'+He 
data . 


478 


M.  Kimura 


6.  CONCLUSIONS 

In  the  present  work  we  nave  investigated  one-electron  capture  processes  in 
slow  collisions  of  very  highly  charged  ions  with  He  atoms*  The  measured  total 
cross  sections  and  the  distributions  over  the  excited  energy  states  of  product 
ions  have  been  compared  with  the  calculations  of  the  multichannel  Landau-Zener 
(MCLZ)  model.  It  is  found  that  the  present  MCLZ  calculation  reproduces  the 
observations  fairly  well  in  spite  of  its  simplicity  and  rather  crude 
assumptions.  Both  total  cross  sections  and  dominantly  populated  ionic  levels 
can  be  well  fitted  by  simple  scaling  expressions  as  a  functxon  of  the  initial 
charge  q.  These  conclusions  should  be  applicable  if  the  pro3ectiles  are  highly 
charged  ions  of  any  elements.  When  H-atoms  are  used  as  target,  however,  the 
cross  sfeci-ions  will  become  larger  than  the  corresponding  ones  with  He  target 
owing  to  the  lower  ionization  potential  of  H  than  He. 
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1,  INTRODUCTION 

Tne  advent  of  high  power  lasers  has  initiated  a  new  branch  of  modern 
physics,  namely,  the  physics  of  the  laser-produced  plasma.  By  focussing 
pulsed  laser  radiation  onto  the  surface  of  a  solid  one  succeeds  in  creating 
power  densities  in  the  range  lO^'^-lO^^W/cra^  which  corresponds  to  an  energy 
release  for  target  atoms  considerably  in  excess  of  the  ionization  potential. 
Under  these  conditions  a  hot  high  density  plasma  possessing  unique  properties 
is  formed  at  the  target  surface. 

The  laser-produced  p1aS"ia  (LPP)  nas  beco'ne  a  subject  of  numerous  theore¬ 
tical  and  experimental  studies. 

A  strong  impetus  to  LPP  studies  nas  been  given  primarily  by  the  inertial 
fusion  program,  more  specifically  by  the  development  and  production  of  pulsed 
high-power  laser  systems  for  the  heating  and  confinement  of  fusion  targets  (1). 

Present-day  machines  for  the  experimental  investigation  of  LPPs  operate 
over  a  wide  range  of  major  parameters,  such  as  laser  frequency,  laser  pulse 
duration,  and  power  density  focussed  onto  the  target.  The  plasma  is  produced 
by  the  radiation  at  the  fundamental  frequency  or  its  harmonics  of  pulsed  Nd 
lasers  (wavelength  \=  1.06  pin),  COg  lasers  (\=  10.3  iHi),  and  iodine  lasers 
(a  =  1.3  pm).  Such  machines  are  capable  of  producing  radiation  in  pulses  with 
a  duration  x  ranging  from  10''^  to  10'^  s  and  a  power  density 
q  '  IQi'J  -  10’°  W/cm2  when  focussed  onto  a  spot  with  diameter  d  '  10  -  1000pm. 

High  temperature  plasma  with  a  density  on  the  order  or  that  of  a  solid 
persists  during  the  action  of  the  laser  pulse.  During  this  stage  of  its  exis¬ 
tence  the  LPP  is  an  intense  source  of  multicharged  ions  and  emission  in  the 
X-ray,  soft  X-ray  and  VUV  regions  (2,3,4). 

The  heating  stage  is  followd  by  the  expansion  of  the  LPP  in  vacuum  driven 
by  gas  kinetic  pressure.  This  stage  produces  favorable  conditions  for  stimu¬ 
lated  emission  in  the  X-ray  and  VUV  regions  (5, 6, 7, 8, 9). 

In  the  present  report  we  are  going  to  confine  ourselves  to  discussing  a 
limited  range  of  problems  related  to  the  possibility  of  using  LPPs  in  atomic 
collision  experiments. 


2,  PARAMETERS  OF  THE  LPP  EXPANDING  IN  VACUUM 


Consider  the  major  stages  in  the  expansion  in  vacuum  of  a  plasma  produced 
on  the  surface  of  a  solid  by  laser  radiation  of  moderate  characteristics: 

10  Ta  .  9 


q  ~  lO^’’  -  10”  W/cm*^,  t  ~  1  -  100  ns,  d  ~  10  -  500  (Hi.  We  have  at  present  a 


480 


S  r.  Bo  bash  ev  and  L.A.  Shtnaenok 


satisfactory  consistent  picture  of  the  physical  processes  and  phenomena  con¬ 
trolling  the  behavior  of  such  an  LPP  in  different  stages  of  its  evolution. 

One  may  conveniently  isolate  three  stages  in  the  evolution  of  an  LPP  as  it 
expands  in  vacuum.  The  first  stage,  or  the  hot  core  includes  the  formation  of 
the  plasma  and  its  development  during  the  laser  pulse;  the  corona  where  the 
various  relaxation  processes  occur  after  the  termination  of  the  laser  pulse 
with  comparable  rates;  and,  finally,  the  distant  zone  where  the  plasma  cloud 
expands  freely. 

The  hot  core  is  formed  and  exists  during  the  action  of  the  laser  pulse 
(t).  In  the  initial  stage  of  the  radiation  interaction  with  matter  a 
high-frequency  breaxdown  of  Che  target  vapor  occurs  producing  a  plasma  at  the 
target  surface.  The  heating  radiation  is  strongly  absorbed  by  the  plasma 
electrons  via  the  inverse  breiasstrahl ung  effect  in  the  region  of  critical 
electron  density  Ng^,  where  the  frequency  of  Langmuir  oscillations  is  close  to 
that  of  the  laser  emission  (for  tne  Nd  laser  frequency,  Ngg  =  10^^  cm'^,  for 
CU2  laser  Ng^  =  10^^  cra"^).  The  energy  absorbed  in  time  penetrates  into  the 
target  tu  a  depth  on  tne  order  of  the  focal  spot  d  by  electronic  heat  conduction. 
The  hot  core  plasma  of  size  ~  d  is  characterized  by  a  high  electron  and  ion 
density  Ng  ~  !lj  ^  lU  -  oir-*,  high  temperature  Tg  ~  1  keV,  and  high  mean 

ionic  charge  Z  >>  1. 

While  the  processes  of  ionization  and  excitation  responsible  for  the  ion 
composition  of  the  LPP  core  depend  essentially  on  the  incident  radiation  wave¬ 
length,  target  material  and  power  density,  tne  overall  features  of  the  plasma 
core  formation  remain  largely  the  same  within  a  broad  range  of  initial  condi¬ 
tions. 

In  the  hot  core  region  tne  plasma  is  overheated  with  the  ionization  not  in 
equilibrium  since  the  rates  of  excitation  and  ionization  exceed  by  far  those 
of  tne  recombination  processes. 

Internal  gas  kinetic  pressure  and  electrostatic  acceleration  drive  the 
plasma  to  expand  in  vacuum  with  the  result  that  the  electron  density  drops 
dramatically,  the  thermal  energy  of  the  electrons  becoming  converted  into  the 
translational  energy  of  the  plasma  cloud.  In  the  corona  region,  at  a  distance 
of  Kg  from  the  target  (Kg  >>  Rg),  the  plasma  is  transparent  to  the  laser 
radiation,  with  recombination  processes  playing  the  major  role.  The  corona 
plasma  has  a  high  particle  density,  Ng  '  10^*^  -  10^"^  cm^,  and  a  comparatively 
low  temperature,  Tg  ~  100  -  10  eV.  The  plasma  corona  region  is  studied 
intensively  both  from  the  standpoint  of  diagnostics  of  the  fusion  target  heat¬ 
ing  and  coinpression  and  with  a  view  of  attaining  stimulated  emission  on 
transitions  of  multicharged  ions. 

The  relaxation  processes  in  a  rapidly  expanding  plasma  differ  essentially 
in  behavior  from  those  in  the  quasisteady  state.  One  of  the  effects  specific 
for  the  LPP  is  tne  freezing  of  the  ionization  state  of  expanding  plasma.  This 
phenomenon  manifests  itself  in  an  anomalously  high  content  of  multicharged 
ions  observed  in  the  plasma  at  large  distances  from  the  target  (R  >>  Rg).  The 
freezing  originates  from  the  fact  that  part  of  the  ions  undergoing  collective 
acceleration  in  the  hot  core  pass  through  the  region  of  intense  relaxation 
processes  in  the  corona  too  fast  for  a  noticeable  recombination  to  occur. 

This  conclusion  is  reinforced  by  numerous  experiments  which  revealed  strong 
tluxes  of  multicharged  ions  of  the  target  material  at  distances  R  >  1  in  from 
the  target. 

The  distant  zone  of  LPP  expansion  covering  the  distances  from  the  target 
Rg  <<  K  >  1  cm  has  not  until  recently  attracted  much  interest  on  the  part  of 
experiments.  Estimates  suggest  that  in  this  region  of  space  the  expanding  LPP 
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Should  hdve  a  low  temperature,  Tg  <  1  eV,  density  Ng  ~  10^^  -  10^^  cm'^,  and  a 
comparatively  hiyh  concentration  of  ions  of  different  ionization  state.  Spec¬ 
troscopic  studies  (10)  have  confirmed  the  idea  that  the  LPP  reaches  the  dis¬ 
tant  zone  in  a  hiyhly  ionized  state  far  from  recomoi nati on  equilibrium.  The 
major  relaxation  process  here  is  three-particle  recombination  of  ions  with 
slow  electrons.  This  results  in  a  heatiny  of  the  electron  component  which 
reduces  the  recombination  rate,  and  in  decreasing  ionization  state  of  the 
expanding  plasma. 

In  our  opinion,  this  combination  of  parameters  makes  the  LPP  in  the  distant 
zone  a  promisiriy  tool  for  beam-plasiiia  experiments  aimed  at  studying  the  funda¬ 
mental  processes  of  electron  and  photon  interaction  with  nulticharyed  ions. 


3.  STUD  Its  OF  LPP  IN  THt  DISTANT  ZONE 

Tne  available  infonnation  on  the  physiral  processes  occurring  in  the  distant 
zone  of  LPP  expansion  draws  upon  experimental  data  on  the  energy  and  charge 
state  spectra  of  ions  at  large  distances  from  the  target  (R  >  1  m)  obtained  by 
time-of-f I ight  mass  spectrometry,  as  well  as  on  theoretical  calculations  per¬ 
formed  to  simulate  the  experimentally  measured  spectra. 

In  some  studies  (11-14)  the  plasma  was  produced  with  a  Nd  laser  with  pulses 
T  -  10  -  30  ns  long,  focussed  power  density  q  ~  10^*^  -  10^^  N/cm^  and  spot  dia¬ 
meter  d  ~  100  -  150  pin.  In  other  experiments  (15-18)  pulsed  COj  laser  radia¬ 
tion  was  used  with  100  ns,  power  density  q  ~  10^*^  -  10^^  W/cm^  and  spot 
diameter  d  ~  150  -  1000  pm.  Despite  the  marked  differences  in  the  experi¬ 
mental  conditions,  the  major  qualitative  features  in  the  behavior  of  the  ion 
cnmpo-enr  w"  '^ou-'d  tc  be  ulose. 

1,  The  angular  distribution  of  the  ions  is  symmetric  with  respect  to  the 
normal  to  the  target  plane.  For  a  fixed  value  of  q  the  ion  expansion  cone 
angle  decreases  with  increasing  charge  Z  becoming  ?0  -  3u“  for  Z  =  Z-,,, 

(Fig.  1). 


FIOUKE  1 

Angular  distribution  of  A1  ions  with  different  Z  for  q  3  x  10^^  N/cm^ 
(Nd  laser). 
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2.  TMe  maximum  charje  state  of  the  LPP  Ions  was  universally  observed  to  yrow 
with  increasing  q.  Figs.  2  and  3  display  the  experimental  and  theoretical 
values  of  power  density  at  which  ions  of  given  charge  state  appear  for  targets 
of  carbon  and  tungsten. 

The  Observed  features  are  usually  explained  in  the  context  of  the  coronal 
model  of  ionization  equilibrium  which  can  obtain  in  the  core  at  ~  lUO  eV. 
The  theoretical  estimates  of  the  threshold  values  of  q  presented  in  Fig.  3 
were  derived  for  the  case  of  coronal  equilibrium  taking  iniu  account  dielec- 
tronic  recombination. 

3.  Another  common  feature  of  the  expanding  LPPs  is  the  shape  of  the  ion 
energy  spectra.  Fig.  4  shows  a  typical  energy  spectrum  of  cobalt  ions  moving 
perpendicular  to  the  target  plane.  All  energy  spectra  reveal  a  growth  of  mean 
ion  energy  with  increasing  charge  state  and  a  dramatic  drop  in  tne  number  of 


q 


FIGURE  3 

Threshold  calue  of  q  vs.  Z  for  W. 

I:  calculation  including  dielectronic 
recombination;  II:  coronal  model  cal¬ 
culation;  0:  experiment  with  Nd  laser 


FIGURE  4 


Co  ion  energy  distribution  for  Z  from 
1  to  25.  Nd  laser,  q  ~  10l3 
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ions  witn  mcredSinj  Z.  For  tlie  Nd  laser  tne  ratio  of  highly-  to  low-charged 
iohs  varies  within  1U“^  -  lU"^,  a  typical  relation  being  shown  in  Fig.  5  in  an 
example  of  cobalt  ions  (12).  For  the  CO2  laser  the  fraction  of  highly  charged 
ions  is  somewhat  greater,  to  10'^. 

Seen  a  siiape  of  the  energy  spectrum  is  accounted  for  in  the  context  of  tne 
hydrodynamic  model  of  accleration  by  recombination  in  the  course  of  plasma 
expansion  (19).  The  ions  at  the  front  of  the  plasma  cloud  are  accelerated 
aiust  efficiently  and  travel  with  the  highest  velocities  which  favors  efficient 
freezing,  lln  the  other  hand,  the  ions  that  were  initially  in  the  interior  of 
tne  plasma  are  acclerated  to  a  much  lesser  extent,  reside  for  a  longer  ti.ne 
within  the  hot  core  and  recombine  at  a  higher  rate.  In  the  context  of  this 
model,  the  highly  charged  ions  observed  in  the  distant  zone  were  initially  of 
dominant  charge  state,  propagated  at  the  front  of  the  plasma  cloud  and  escaped 
practically  without  recombination.  Tne  hydrodynaiaic  model  of  plasma  cloud 
expansion  including  possible  mechaiii s.iis  of  recombination  in  the  hot  core  (2U) 
was  used  to  evaluate  the  corresponding  nuinber  of  highly  charged  ions  (21). 
Experimental  data  were  shown  to  be  in  a  good  agreement  with  the  calculations 
taking  into  account  dielectronic  recombination  in  the  hot  core  and  corona  as 
well  as  photo-  and  three-particle  recombination. 

Studies  of  the  energy  and  charge  state  spectra  of  the  LPP  ions  at  large 
distances  from  the  target  were  analyzed  (21-25)  assuming  three-particle  recO'd- 
bination  to  be  predominant  in  the  relaxation  kinetics  of  the  plasma  in  the 
distant  zure.  Three-particle  recombination  of  a  highly  ionized  plasma  con¬ 
sists  in  the  ion's  capturing  a  free  electron,  the  corresponding  binding  energy 
being  imparted  to  another  free  electron.  The  mean  change  of  the  electron 
energy  in  a  three-body  collision  is  comparable  with  the  electron  temperature 


FIbdKt  5 


Co  ion  distribution  in  charge  state  Z.  Nd  laser,  g  ..  W/cm^. 
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(see  Fiy.  6).  After  capturing  an  electron  in  a  low  temperature  plasma  the  ion 
will  transfer  to  a  nignly  excited  state  with  tne  principal  quantum  number  n, 
its  binding  energy  jelng  coniparable  with  Tg(Ef^  ~  T^).  The  lifetime  of  the 
excited  1on  Is  controlled  by  two  processes,  namely,  radiative  decay  and 
inelastic  scattering  of  free  electrons  from  the  excited  ion.  Since  the  proba- 
bilicies  of  these  processes  depend  in  an  essentially  different  way  on  n,  the 
recoinblnation  over  levels  with  different  n  can  be  conveniently  analyzed  by 
introducing  a  certain  value  n^^  such  that  for  n  >  n^  collisions  with  electrons 
will  play  a  predominant  role  in  the  decay  of  highly  excited  states,  while  for 


n  <  hy  states  should  decay  radiatively.  The  value  of  n^  is  usually  evaluated 
by  the  expression  (26) 

0  '  '  2„  1  ’  (1) 


where  L  is  the  ionic  Charge,  Ng  and  Tg  are  the  electron  density  and  tempera¬ 
ture,  accordingly.  As  follows  from  Eg,  (1),  in  a  low  temperature  plasma 
(Tg  ~  1  eV,  Ng  '  cn"^)  Og  >  10  Z. 


HOUKt  6 

Schematic  diajran  of  three-particle  recombination. 
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The  transfer  of  electrons  ove'  excited  ion  states  inay  be  considered  {27)  as 
diffusion  in  a  quantum  number  space.  Solving  the  problen  of  electron  flow 
towards  negative  energies  yields  the  following  expression  for  the  three-particle 
recombination  coefficient  a: 

“  ■  g  -  *  j9/2  ’  (2) 

2  ^ 

Where  A  =  In  +  1,  Z  is  the  ionic  charge  m  is  the  electron  mass,  Tg  is  the 
electron  teiriperature.  As  a  result  of  a  strong  temperature  dependence,  this 
recombination  i.iechanism  in  a  cooling  expanding  plasma  becomes  predominant  and 
remains  essential  throughout  the  expansion  stage,  thereby  governing,  in  parti¬ 
cular,  the  charge  state  composition  of  LPP  in  the  distant  zone.  The  LPP 
temperature  in  the  distant  zone,  in  its  turn,  should  depend  markedly  on  the 
heating  involved  in  recombination.  Therefore  the  theoretically  calculated 
Charge  state  spectra  of  the  LPP  should  depend  substantially  on  the  correct 
inclusion  of  the  recombination  heating.  The  energy  £  transferred  to  plasma 
electrons  in  eacn  recombination  event  may  be  calculated  by  trie  expression  (25) 

E*  =  l.b  .  10-1^  .  z2/3  . 


Eq.  (3)  was  derived  assuming  a  gradual  electron  transfer  down  the  excited 
states  which  does  not  take  into  account  transitions  to  deep  levels.  This 
results  in  an  overevaluation  of  the  heating.  Inclusion  of  transitions  to  all 
levels  in  accordance  with  the  cascade  decay  matrix  of  an  excited  state  with  a 
given  n  yields  the  following  expression  for  E  (28): 

£*  =  7  .  10-22  ,  „^2/3  .  i-zn  .  f^-1 


To  compare  calculations  by  Eq.  (4)  with  observations,  energy  and  charge 
state  spectra  of  LPP  ions  in  the  distant  zone  were  calculated  in  the  hydro¬ 
dynamic  approximation  for  the  typical  experimental  conditions  (1,29,30).  One 
ot  the  studies  (29)  involved  a  plasma  produced  by  heating  with  a  CO^  laser 
beam  of  supersonic  gas  jets  with  a  thickness  about  equal  to  the  focal  spot 
diameter  d  ~  1  inn.  Fig.  7  presents  the  calculations  (28)  and  collector 

current  measurements  performed  at  a  distance  of  325  cm  from  the  target  (29)  as 
a  plot  of  mean  plasma  ion  charge  vs.  expansion  velocity.  The  width  of  the 
shaded  bands  reflects  the  dependence  of  the  numerical  solution  on  the  choice 
of  initial  experimental  conditions.  The  best  fit  was  found  when  using  Eq.  (4) 
for  the  recombination  heating. 

Similar  data  are  displayed  in  Fig.  8  for  spherical  targets  heated  by  a  Nd 
laser  in  the  conditions  typical  for  the  Kalmar  machine  (1,3U)  with  polystyrene 
targets.  The  plasma  temperature  in  these  experiments  was  0.5  keV  +  20%.  The 
LPP  charge  state  composition  was  studied  with  an  electrostatic  mass  spectro¬ 
meter,  the  time-of-f I  ight  base  being  g  ni.  In  the  calculations,  the  charge 
state  of  the  carbon  ions  in  the  initial  stage  of  expansion  was  varied  from  5 
to  6,  and  the  initial  temperature  in  the  hot  core,  from  0.4  to  0.0  keV. 

As  seen  in  Figs.  7  and  8,  evaluation  of  the  recombination  heating  by  Eq.  (4) 
yields  a  satisfactory  agreement  with  experiment. 

The  first  direct  measurements  of  LPP  parameters  in  the  distant  zone  were 
carried  out  spectroscopically  (10).  oirect  and  reliable  determination  of  the 
major  parameters  and  radiative  characteristics  of  the  LPP  in  this  zone  is  a 
necessary  prerequisite  when  preparing  a  collision  experiment. 
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FIGURE  7 

Mean  ion  charge  state  Z  for  nitrogen 
target  vs.  ion  velocity.  I-calculation 
by  Eg.  (3);  Il-calculation  by  Eg.  (4); 
Ill-experiment  (29). 
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FIGURE  8 

Mean  charge  state  Z  for  carbon  ions. 
I-ca1culation  by  Eg.  (3);  Il-calculation 
by  Eg.  (4);  Ill-experiment  (1,30). 


A  study  was  made  (10)  of  VUV  emission  from  a  laser-produced  beryllium 
plasma  far  from  the  target  (R  >  1  cm).  This  study  provided  a  means  for 
developing  VUV  spectroscopy  of  plasmas  in  the  spatial  region  which  is  still 
little  explored  by  experimentalists. 

The  VUV  emission  spectra  of  the  LPP  were  investigated  on  an  installation 
shown  schematically  in  Fig.  9.  The  radiation  of  a  Nd  laser  was  focussed  onto 
a  plane  Be  target  in  a  vacuum  chamber.  At  a  laser  pulse  energy  Q  =  10  -  50  J 
and  pulse  duration  of  50  ns  the  power  density  in  the  focal  spot  on  the  target 
was  g  ~^10  -  10  U/cm^.  The  pressure  in  the  chamber  did  not  exceed 

2  X  10  tim  Hg.  The  geometry  of  plasma  expansion  in  the  vacuum  chamber  was 
controlled  by  a  collimator  system  which  defined  a  clear  boundary  of  the  plasma 
cloud  and  determined  the  expansion  angle  (45°)  in  the  horizontal  plane.  The 
ion  density  in  the  plasma  was  measured  by  means  of  two  adjustable  collectors 
set  at  different  distances  from  the  target. 

The  emission  spectra  of  the  LPP  were  measured  at  distahces  R,  =  5  cm, 

R2  =  10  cm,  and  R3  =  20  cm  from  the  target  with  an  axial  spatial  resolution 
not  worse  than  4%.  The  most  detailed  spectra  were  obtained  at  Ri  and  Ro, 
while  the  strongest  lines  could  be  reliably  detected  at  R3  as  well.  Within 
the  range  R  =  5  -  10  cm  the  pattern  of  the  spectrum  was  found  to  be  prac¬ 
tically  independent  of  R,  the  relative  line  intensities  remaining  within  the 
measurement  precision  (30%). 

Fig.  10  presents  a  25-80  nm  plasma  emission  spectrum  typical  for  the  region 
R  =  5  -  10  cm.  The  spectrum  contains  singlet  and  trinlet  lines  of  helium-like 
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figure  9 

Schematic  of  experimental  installation  (10).  1.  LLP  expansion  chamber; 

2.  Target;  3.  Plasma  collimators;  4.  Ion  collectors;  5.  Ion  trap;  6. 
Monochromator;  7.  Soft  X-ray  monitor;  8.  Diffraction  grating;  9.  Aperture 
diaphragm;  10.  Screen;  11.  Radiation  trap;  12,  14.  SEM's;  13.  Exit  slit; 
15.  Diaphragm  with  filter;  16.  Entrance  slit;  17,  18.  Screens  against 
scattered  ions;  19.  Monochromator  entrance  slit;  20.  Pumping. 


LLP  emission  spectrum  in  the  distant 
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Be  ions  (Be  III)  produced  in  transitions  between  the  levels  with  n  =  3  -  7  and 
n  =  2,  and  lines  of  the  hydrogen-like  Be  ions  (Be  IV)  corresponding  to  the 
hydrogen  series  n  -  2  (n  =  3  -  7)  and  n  -  3  (n  =  4  -  6).  Since  within  the 
measurement  accuracy  (30%)  the  relative  intensities  do  not  depend  on  R,  ihe 
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spectrum  and  Tables  1  and  2  contain  values  for  the  ions  Be^'*’  and  averaged 

over  the  region  5-10  era  and  normalized  to  the  intensity  of  the  strongest  like 
of  the  corresponding  ions. 

The  plasma  ion  density  In  the  region  of  interest  was  measured  by  means  of 
ion  collectors  permitting  separation  of  the  ionic  and  electronic  components  of 
the  plasma.  The  time  resolved  collector  measurements  revealed  that  in  the 
region  R=5-10  cm  the  peak  densities  vary  within  lO*-^  -  10^^  cm"^. 

A  series  of  control  experiments  demonstrated  that  the  detected  emission 
does  indeed  appear  in  the  plasma  and  is  not  connected  with  the  excitation 
involved  in  the  scattering  of  plasma  ions  from  the  walls  of  the  installation 
or  in  the  interaction  of  these  ions  with  residual  gas. 

The  relative  intensities  were  used  to  calculate  the  population  of  the 
Be^'*’  excited  states  with  principal  quantum  numbers  n  =  3  -  7.  In  these  calcu¬ 
lations  the  available  radiative  transition  probabilities  for  hydrogen-like 
ions  were  employed  (26),  The  relative  populations  N^/Nj  for  Be^'*’  are 
presented  in  Table  3  whence  it  is  seen  that  they  differ  strongly  from 
Boltzmann's  values  fur  Tg  <  1  eV. 

To  evaluate  the  mean  excited  ion  density  in  the  region  of  observation, 
absolute  intensities  J  (cm'^  $-1)  of  the  strongest  Be‘*  and  Be^'*'  lines  were 
measured  as  functions  of  K,  The  results  are  shown  in  Table  4,  the  absolute 
values  of  J  being  estimated  by  us  to  within  a  factor  of  five. 
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The  analysis  of  the  experimental  data  consisted  primarily  in  considering 
the  fundamental  atomic  processes  Khich,  in  principle  could  produce,  in  an  LPP 
at  sufficiently  large  distances  from  the  target,  excited  Be^'^  and  Be^'*'  ions 
with  populations  differing  essentially  from  the  Boltzmann  distribution.  These 
processes  included  three-particle  and  photorecombi nation  and  ion-ion  colli¬ 
sions.  The  absence  of  any  contribution  from  the  latter  processes  in  the 
distant  zone  becomes  evident  from  an  evaluation  of  the  maximum  energy  of 
interaction  E^^  between  two  ions,  one  of  which  escaping  from  the  acceleration 
zone  near  the  target  (Rg  ~  100  pm)  and  trailing  behind  the  other  by  the  time 
of  the  laser  pulse  duration  t  overtakes  it  at  a  distance  R.  At  the  velocities 
V  and  laser  pulse  duration  t  typical  for  the  experiment  (v  ~  10^  cin/s, 

R  ~  10  cm,  t  ~  10'^  s),  Ej^  does  not  exceed  a  few  eV  which  is  far  from  being 
sufficient  to  produce  excitation  of  the  Be  ions  in  inelastic  collisions. 

Turning  now  to  a  discussion  of  the  recombination  processes,  we  note  that 
the  rate  of  radiative  recombination  becomes  noticeably  less  than  that  of 
three-particle  recombination  for  Tg  ^  10"^^  ZNg  (6)  which  in  our  conditions  is 
equivalent  to  Tg  ~  0.5  eV.  It  is  also  known  (26)  that  photorecombination 
occurs  predominantly  to  the  ground  state,  its  rate  dropping  drastically  with 
increasing  principal  quantum  number  n,  which  does  not  agree  with  the  experi¬ 
mentally  observed  growth  of  population  with  increasing  n  (see  Table  3). 

Assuming  three  particle  recombination  to  provide  a  major  contribution  to 
the  observed  plasma  spectrum,  we  have  calculated  the  populations  of  Be^^ 
excited  states  by  the  expression 

^n  ‘  ^c**n  »  (5) 

where  is  the  radiative  decay  probability  of  a  level  with  principal  quantum 
number  n,  C(hg,  n)  is  the  element  of  the  cascade  matrix  equal  to  the  total 
relative  probability  of  radiative  decay  from  level  n^  to  level  n  (n^  >  n),  and 
Ig  =  o  N^Ng^  is  the  rate  of  three-particle  recombination  for  an  ion  of  charge 
Z  with  the  formation  of  an  ion  of  charge  Z-1,  is  the  density  of  ions  of 
charge  Z,  Ng  is  the  electron  density. 

The  calculations  have  revealed  that  variation  of  n^  from  15  to  hg  ♦  -  does 
not  produce  any  noticeable  effect  on  the  relative  populations,  the  calculated 
values  of  Ng  in  Table  3  having  been  obtained  for  Og  +  ».  The  good  agreement 
between  the  calculated  and  measured  values  of  Ng  argues  for  the  assumption  of 
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the  detected  emission  resulting  from  three-particle  recofflbihation  via  highly 
excited  levels. 

The  absolute  measurements  of  the  LPP  emission  intensity  (Table  4)  offered  a 
possibility  to  evaluate  the  electron  temperature  Tg  in  the  region  of  the  glow 
due  to  a  favorable  relation  between  Tg  and  the  three-particle  recombination 
rate  in  Eq.  (2).  It  was  found  that  in  the  plasma  expansion  zone  in  question, 
Tg  decreases  by  about  a  factor  1.5  within  R  =  5  -  10  cm  and  constitutes 
Tg  =  (0.1  +  0.05)  eV.  We  believe  the  slow  falloff  of  Tg  accompanying  the 
substantial  increase  of  LPP  volume  to  be  due  to  the  recombination  heating  of 
the  electron  gas. 

Estimates  show  the  beryllium  plasma  with  such  a  temperature  and  density 
Ng  ~  10^^  cm"^  to  be  weakly  nonideal  (6)  which  validates  our  use  of  Eq.  (2). 

The  totality  of  the  above  experimental  and  calculated  data  implies  that  the 
LPP  in  the  distant  zone  is  dominanted  by  one  fundamental  collisional  process 
only,  namely,  the  three-particle  recombination  with  electrons.  This  process 
governs  completely  the  radiative  characteristics  of  the  LPP  in  the  distant 
zone  and  the  evaluation  of  its  charge  state  composition. 


4.  CONCLUSION 

The  unique  properties  of  the  LPP  are  used  intensively  in  atomic  collision 
studies.  The  fundamental  collision  processes  involving  mul ti charged  ions  in 
dense  layers  of  LPP  are  investigated  spectroscopically  due  to  the  high  inten¬ 
sity  of  emission  typical  for  the  LPP  in  the  earlier  stages  of  its  evolution  (31). 

Tne  LPP  is  employed  also  as  a  source  of  multicharged  ions  in  charge 
exchange  experiments  (32,33,36). 

Experiments  on  the  photoionization  of  the  He  atom  from  short  lived  excited 
states  (34,35)  made  use  of  the  fact  that  the  LPP  produced  on  the  surface  of  a 
nigh  2  target  emits  strong  VUV  continuum. 

A  possibi 1 i 1 ity  was  demonstrated  (36)  to  employ  the  LPP  as  a  VUV  source  in 
photoabsorption  studies. 

Our  review  was  aimed  at  focusing  attention  on  the  properties  of  LPP  in  the 
distant  zone  of  expansion,  i.e.,  at  distances  R  >  1  cm  from  the  target. 

According  to  the  available  experimental  and  theoretical  data,  in  this  region 
the  plasma  is  characterized  by  an  electron  temperature  Tg  ~  0.1  eV,  a 
nigh  mean  charge  Z,  electron  and  ion  densities  Ng  ~  ZN-j  ^  10^^  -  10^^  cm'^. 

The  only  fundamental  process  occurring  here  with  a  noticeable  rate  is 
tnree-particle  recombination  of  slow  electrons  and  ions  via  highly  excited 
states. 

The  plasma  in  the  distant  zone  may  be  considered  as  a  promising  medium  for 
studies  of  fundamental  collision  processes  involving  multicharged  ions.  In 
tnis  region  the  plasma  contains  a  noticeable  density  of  multicharged  ions 
which  can  be  reliably  detected  by  spectroscopic  means. 
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Ionization  processes  are  investigated  in  Na  and  Ba  vapors  of  density 
ng  ^  10l3  cm'3,  excited  by  c.w.  or  pulsed  laser  sources.  In  the  resonantly 
excTted  vapor,  collisional  ionization  of  excited  atoms  is  a  dominant  type 
of  process,  which  is  unambiguously  observed  using  electron  spectrometry.  The 
results  also  demonstrate  the  importance  of  collisional  energy  transfer 
between  electrons  and  excited  atoms.  In  Na  vapor  laser-excited  off-resonance, 
Na2  dimers  are  responsible  for  the  ionization  observed  :  multiphoton  ioniza¬ 
tion  and  alternative  processes  are  supported  by  the  results  of,  respectively, 
a  short  pulse  and  a  long  pulse  experiment. 


INTRODUCTION 


The  study  of  the  ionization  processes  which  take  place  in  a  laser-excited 
metallic  vapor  (or  an  effusive  medium)  has  expanded  within  the  past  few  years 
into  a  wide  domain  of  investigation.  Numerous  ion  measurements  in  Li,  Na 
/  1-6  /,  K,  Rb,  Cs  /  3,  7  /,  Ca,  Sr  /  8  /  and  Ba  /  9,  10  /  vapors,  and  a  few 
electron  measurements  in  Na  and  Ba  vapors  /  11,  12  /,  excited  by  discharge 
lamp,  c.w.  or  pulsed  laser  light  have  been  reported  previously. 

For  a  resonant,  c.w.  or  pulsed  excitation  of  the  vapor,  that  is  a  laser  light 
tuned  to  a  particular  ground-excited  state  atomic  transition,  it  has  been 
demonstrated  through  the  different  experiments  that  two  ionization  regimes  1) 
in  high  density  vapor  (ng  >  10'^  cm-3),  and  2)  in  low  density  vapor  (n  <"  lO'^ 
cm-3),  should  be  considered  ;  ° 

1)  In  high  density  vapor,  high  fractional  ionization  (10  ?,  to  100  %)  occurs 
within  short  time  periods  {'s-  1  ps)  as  the  result  of  sequential  processes  /  1, 

2,  8-10  /  :  i)  a  seeding  process  produces  the  first  free  electrons  in  the 
medium  ;  ii)  the  free  electrons  are  "heated"  by  collisional  energy  transfer 
from  the  excited  atoms  (superelastic  collisions)  /  13,  14  /  ;  iii)  the  "hot" 
electrons  initiate  the  electron-impact  ionization  of  the  vapor  which  combines 
with  step  ii)  to  give  rise  to  a  cascade  regime  of  ionization. 

2)  In  low  density  vapor,  or  effusive  beam  (ng  <  1013  cm-3),  ionization 
occurs  mainly  in  atom-atom  collisions  :  either  associative  ionization  during 
the  collision  of  an  excited  atom  with  a  ground  or  excited  state  atom,  e.g.  in 
Na  and  Rb  /  3,  15,  16  /  (the  energy  of  the  colliding  system  may  be  inferior 
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or  superior  to  the  dissociative  ionization  threshold),  or  non  associative  (for 
simplicity,  "Penning")  ionization  during  the  collision  of  two  excited  atoms, 
e.g.  in  Na  /  11,  12',  17  /  Rb  /  7  /  and  Ba  /  10,  12  /,  is  dominant  in  the 
med i urn . 

Photoionization  of  excited  atoms  becomes  a  major  process  for  laser  intensi¬ 
ties  larger  than  10^  W.cm"2. 

Apart  from  the  optical  excitation  (by  laser  or  via  further  radiative  rocay) 
which  produces  the  main  population  of  excited  atoms  in  one  particular  "opti¬ 
cally-excited"  state,  energy  pooling  collisions  of  two  "optically-excited" 
atoms  can  populate  highly  excited  states  /  18,  19  /,  and  the  atoms  in  such 
highly  excited  states  may  be  further  involved  in  the  ionization  mechanisms.  The 
important  role  of  energy  pooling  collisions  as  an  intermediate  step  in  the 
observed  ionization  has  been  outlined  in  Na  and  Ba  vapors  /  11,  12,  17  /.  The 
above  mentioned  processes  serve  as  the  "seeding”  processes  in  the  sequential 
ionization  of  high  density  vapor. 

Ionization  is  still  observed  in  the  vapor  (Na)  when  a  pulsed  laser  excita¬ 
tion  source  is  used  "off-resonance", that  is  detuned  from  any  atomic  transition 
/  20-23  /.  In  sodium  vapor,  photoionization  (dissociative  or  not)  of  laser- 
excited  dimers  is  now  commonly  accepted  as  a  major  off-resonance  prccess.  The 
analysis  of  the  yields  of  Na2'*'  and  Na+  ions  measured  as  a  function  of  the  laser 
wavelength  demonstrates  the  role  of  two-photon  pumped  ’ig  and/or  interme¬ 
diate  states  of  Na2.  In  addition  to  photoionization  other  processes' have  recei¬ 
ved  experimental  support  and  will  be  briefly  discussed. 

In  the  series  of  experiments  reported  here  we  have  investigated  some  of  the 
above  processes  which  take  place  in  on-  or  off-resonance  laser-excited,  low  den¬ 
sity  vapor.  We  will  consider  in  the  following  sections  : 

-  the  electron  spectrometry  study  of  associative  ionization  (AI),  Penning 
ionization  (PI)  and  collisional  energy  transfer  between  electrons  and 
excited  atoms,  in  Na  and  Ba  vapors  laser-excited  to  the  first  optical 
resonance,  respectively,  Na  (3s  -  3p)  and  Ba  (6$^  ^  6s6p). 

-  the  ionization  of  sodium  vapor  laser-excited  off-resonance  :  ion  yield 
measurements  and  electron  spectrometry  provide  contrasted  but  complementary 
results  in  two  different  experimental  situations,  a  short  pulse  and  a  long 
pulse  excitation  of  the  vapor. 


1.  ON-  AND  OFF-KESONANCE  IONIZATION  IN  LASER-EXCITED  SODIM  VAPOR 

1.1.  On-resonance  ionization  :  electron  spectrometry  studies 

The  electron  spectrometry  technique,  which  has  already  been  used  for  a  very 
accurate  analysis  of  collisional  ionization  in  rare  gases  or  rare  gas-alkali 
systems  /  24  /,  allows  in  our  experiment  i)  to  resolve  and  to  observe  simul¬ 
taneously  the  different  ionization  processes  which  are  characterized  by  the 
energy  of  the  ejected  electrons  and  ii)  to  observe  the  collisional  energy 
transfers  (superelastic  or  inelastic  collisions)  between  atoms  and  electrons. 
Experimental  results  obtained  with  a  c.w.  and  with  a  pulsed  laser  excitation 
source  are  successively  presented.  Penning  ionization  between  excited  alkali 
atoms  is  briefly  discussed  using  the  electron  energy  spectra  and  the  extended 
cross  section  measurements  of  Chdret  and  Barbier  in  Rb  /  7  /. 

1.1.1.  The  experiment 

12  13  -3 

An  effusive  beam  of  Na  (oq  =10  -  10  cm  )  is  excited  by  a  perpendicular 

laser  beam  in  the  source  volume  of  a  cylindrical  mirror  analyzer  (CMA)  /  11, 

12,  17  /.  The  laser  excitation  sources  are  successively  i)  a  c.w.  single  mode 
laser  source  tuned  to  the  3s  1E=2)  -<■  3p  transition,  which 

pumps  up  to  30  %  of  the  atoms  in  the  excited  state  for  typical  intensities  of 
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a  few  W.cm'2  ,  and  1i)  a  long  pulse  (1  us)  laser  source  tuned  to  the  3s 
"  ^^1/2  or  3/2  ti'ansition,  for  which  an  intensity  between  10^  and  lO^ 

W.cm-2  saturates  the  3s-3p  transition.  The  transmitted  electrons  are  energy- 
analyzed  in  the  CMA  with  a  resolution  aE/E  of  about  10-2.  Accelerating  grids 
can  be  used  at  the  entrance  of  the  spectrometer  to  compensate  the  retarding 
potentials  which  exist  in  the  system,  that  is  a  plasma  potential  Vp  .1-.5  V 
in  the  excited  medium,  ana  a  contact  potential  "c  2  V  at  the  entrance  of  the 
CMA. 

The  experiment  (and  the  similar  one  on  Ba  vapor)  was  associated  with  the 
study  of  photoionization  of  Na  atoms  in  the  ground  state  or  in  laser-excited 
states,  by  synchrotron  radiation  (SR)  /  25  /.  We  have  used  the  measurements 
from  these  parallel  studies  in  the  context  of  our  experiment  for  calibration 
purposes  :  first,  the  absolute  electron  energy  scale  is  determined  from  the 
observed  phui-udectron  lines  of  known  energy  produced  by  the  SR  ;  second,  the 
absolute  densities  of  atoms  in  the  ground  state  and  in  the  laser-excited 
state(s)  are  deduced  from  the  intensities  of  the  photoelectron  peaks.  Photoioniz¬ 
ation  produced  by  SR  has  provided  a  useful  technique  of  calibration  ;  it  probes 
the  medium  within  the  interaction  volume,  simultaneously  with  the  measurement 
of  electrons  produced  by  collisional  ionization,  and  causing  by  itself  a  negli¬ 
gible  fractional  ionization. 

1.1.2.  Results 

Spectra  a)  and  b)  in  Fig.  i  have  been  measured,  respectively,  in  the  range 
(0,  2,5  eV)  (with  accelerating  grids)  and  (2,  6.5  eV)  (without  accelerating 
grids).  In  spectrum  b),  the  cut-off  energy  of  the  spectrometer  is  approxima¬ 
tely  2  eV.  The  two  spectra  display  the  main  structures  observed,  the  energy 
position  of  which  characterize  unambiguously  the  mechanisms  responsible  for 
their  production. 

-  Associative  ionization  of  excited  atoms  and  superelastic  collisions  between 
electrons  and  excited  atoms  :  Peak  labelled  a  at  enemy  0.05±  7.d3  eV  corres¬ 
ponds  to  electrons  produced  by  associative  ionization  in  the  collision  of  two 
Na(3p)  atoms  : 

(1)  Na(3p)  +  Na(3p)  +  W  »  (^I  (v))  +  e  (E  ) 

where  W  is  the  kinetic  energy  of  the  colliding  atoms  and  v  a  particular  vibra¬ 
tional  level  in  which  Na2*  is  formed.  The  electrons  produced  in  (1)  may  undergo 
p  =  1,  2,  3  subsequent  superelastic  collisions  with  Na(3p)  atoms,  each  of  which 
boosts  their  energy  by  2.1  eV  : 

(2)  Na(3p)  +  e  (E^)  Na(3s)  +  e  (E^  +  2.1  eV) 

The  corresponding  peaks  a  +  p  primes  are  observed  in  spectra  a)  and  b).  For  a 
pulsed  laser  excitation  of  the  3s-3p  transition,  structures  similar  to  peaks 
a  and  a'  are  observed  as  shown  in  the  spectrum  in  Fig.  2. 

-  Penning  ionization  of  excited  atoms  : 

In  spectrum  a)  in  Fig.  1 ,  peaks  b,  c,  d,  and  e  correspond  to  the  electrons 
produced  by  Penning  ionization  in  the  collision  of  Na(nl)  and  Na(3p)  atoms 
with,  respectively,  nl  =  3d,  4p,  5s  and  4d/4f  : 

(3)  Na(nl)  +  Na(3p)  ^  Na*  +  Na(3s)  +  e  (Ejp  -  E(j(nl)) 

where  Ei3(nl)  is  the  binding  energy  of  the  electron  in  the  nl  state.  The  primary 
electrons  which  have  been  superelastical ly  heated  in  process  (2)  are  also 
observed  after  p  =  1,  2  superelastic  collisions.  These  electrons  appear  on  a 
larger  scale  (for  p  =  1  SEC)  and  with  a  better  resolution  in  Fig.  3  at  tempe¬ 
rature  T  =  520  K. 
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FIGURE  1 

Electron  energy  spectra  measured  at  a  temperature  Tq  =  F80  K  in  a  sodium  vapor 
excited  with  a  c.w.  laser  tuned  to  the  3  Si/2  (F=2)  -►  3  P3/2  (F'=3)  transition. 
Spectrum  a)  (0,  2.5  eV )  is  obtained  using  accelerating  grids,  whereas  in  spec¬ 
trum  b)  the  contact  potential  repels  the  electrons  of  energy  <"  2  eV.  Both 
spectra  characterize  simultaneously  i)  associative  ionization  Ipeak  a)  and 
Penning  ionization  (peaks  b,  c,  d  and  e)  in  the  collision  of  excited  atoms 
ii)  superelastic  energy  transfer  between  electrons  and  h8(3p)  atoms  ;  peaks 
labelled  with  p  =  1,  2,  3  primes  correspond  to  p  superelastic  collisions  (SEC). 
The  spectra  in  Figs.  I,  2,  3,  5  and  7  are  not  corrected  for  the  transmission 
of  the  system. 


The  nl  =  5s  and  4d/4f  states  are  populated  in  the  energy  pooling  collisions 
of  two  Na(3p)  atoms  ; 

(4)  Na(3p)  +  Na(3p)  +  Aw  -■  Na(nl)  +  Na(3s) 

where  Aw  is  the  energy  defect  of  the  reaction.  Process  (4)  was  first  observed 
from  fluorescence  measurements  by  M.  AHeqrini  et  al.  /  18  /  ;  the  role  of 
this  process  in  the  ionization  is  now  clearly  demonstrated  from  the  electron 
energy  spectra.  Instead  of  a  direct  population  by  process  (4),  the  3d  and  4p 
states  are  populated  by  radiative  decay  from  upper-lying  5s  and  4d/4f  states. 

-  Photoionization  of  excited  atoms  by  the  laser 

The  spectrum  in“Tig“  2  (puTsed  laser  excitation)  reproduces  the  same  struc¬ 
ture  pattern  (peaks  b,  c,  d,  and  e)  as  in  the  spectra  in  Fig.  1.  However,  we 
have  measured  that  the  intensities  of  peaks  b,  c  and  e  vary  faster  with  the 
laser  intensity  1l  (10^  -  10^  W.cm"^)  than  the  one  of  peak  d.  This  demonstrates 
that  peaks  b,  c  and  e  are  mainly  produced  by  photoionization  of  Na{nl),  nl  =  3d, 
4p  and  4d/4f,  respectively.  Photoionization  cross  sections  for  the  above  nl 
states  are  between  2  and  5  Mb  at  the  given  wavelength  /  26  /.  The  photoioniza¬ 
tion  cross  section  for  the  5s  state  is  much  smaller  than  the  others  (0.05  Mb) 
and  peak  d  is  still  produced  by  Penning  ionization  of  Na(5s)  in  collision  (3). 
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FIGURE  2 

Electron  energy  spectrum  measured 
between  0  and  2.5  eV  in  Na  vapor 
(Tq  '  550  K)  excited  with  a  pul¬ 
sed  laser  tuned  to  the  3Si/2  > 
3P3/2  transition.  The  labelling 
of  the  peaks  is  the  same  as  in 
spectrum  a)  in  Fig.  1.  However 
notice  that  peak  b,  c,  d  and  f 
are  mainly  produced  by  photo¬ 
ionization  of  Na(nl ) . 


FIGURE  3 

Electron  eneray  spectrum  in  Na  vapor  at 
temperature  To  =  520  K  excited  with  a  c.w. 
laser  to  the  3Si/2  {F=2)  -  3P3/2  (F'=3) 
transition.  Peaks  b',  c',  d',  e'  and  f 
correspond  to  the  electrons  produced  by 
Penning  ionization  in  the  collision  of 
Na(nl)  and  Na(3p)  atoms,  and  superelas- 
tically  heated  in  1  SEC  with  Na(3p). 


1.1.3.  Interpretation 

-  Associative  ionization  of  two  Na(3p)  atoms 

The' energy  distribution  of  the  electrons  produced  in  (1)  (peak  a)  is  centered 
at  a  mean  energy  Eg®  t.  0.05  ±  0.03  eV  and  its  width  hEg  deduced  from  the  spectra 
is  about  . 1  eV  ;  'Eg  should  be  roughly  representative  of  the  energy  distribution 
of  the  ejected  electrons  in  (1).  We  note  that  it  is  larger  than  the  vibrational 
spacing  in  the  final  state  of  Na2'^  (''•  109  cm-1)  ;  rather  it  is  of  the  order  of 
the  thermal  width  of  the  relative  kinetic  energy  distribution  for  the  colli¬ 
ding  atoms.  This  suogests  that  Na2^  ions  are  produced  in  a  few  vibrational 
levels,  namely  between  v  n,  3  and  10,  and  that  the  observed  electron  energy 
distribution  corresponds  to  the  relative  kinetic  energy  distribution  in  the 
initial  system.  However,  our  results  are  not  sufficiently  accurate  to  support 
a  definite  conclusion.  Since  the  kinetic  energy  distribution  in  the  colliding 
system  is  large  with  respect  to  the  vibrational  spacing,  electron  spectrometry 
does  not  permit  the  resolution  of  the  v-level  distribution  in  the  final  state. 
Using  a  well-collimated  atomic  beam  at  low  temperature  /  15  /,  or  a  crossed 
beam  configuration  /  5  /,  would  significantly  improve  the  information 
supplied  by  electron  spectrometry.  In  any  case,  L.I.F.  would  be  also 
an  appropriate  technique  as  a  probe  of  the  v-level  distribution  in  the  Na2''  ion. 
Very  recent  calculations  of  a  large  set  of  energy  potential  curves  for  the 
Na(3p)  -  Na(3p)  system  should  encourage  further  experimental  investigation  of 
process  (1)  /  27  /. 
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From  a  quantitative  analysis  of  peaks  a,  a  +  p  primes  (and  thus  of  the 
superelastic  heating  of  the  primary  electrons,  see  further  in  the  text),  we 
deduce  estimates  of  the  cross  sections  for  associative  ionization  (1), 

.,n-162  .  ,,n-162 

'AI(3/?,  3/2)  --  10  C"'  'aI  (1,2,  1/2)  -  ^ 

(within  a  factor  of  3).  The  values  obtained  are  in  reasonable  agreement  with 
previously  measured  values  /  3,  16  /. 

-  Penning  ionization  of  excited  atoms 

The^oBserved  structures  b,~c,  d,  and  e  in  spectrum  a)  in  Fig.  1  and  with 
prime  in  Fig.  3  show  that  Penning  ionization  (3)  is  dominant  over  associative 
ionization  which  can  also  occur  in  the  course  of  the  Na(nl)  +  Na(3p)  collision 
at  small  internuclear  distances  (R  <  5  A).  In  effect  one  expects  to  see  in  the 
latter  a  broad  energy  distribution  of  the  ejected  electrons  between  1  and  2  eV, 
which  is  not  observed  in  the  spectra.  Rather  ionization  (3)  occurs  at  large 
internuclear  distances  (R  >  5  A)  for  which  the  potential  energy  difference 
between  the  initial  and  the  final  state  (i.e.  the  energy  of  the  ejected  elec¬ 
tron)  has  reached  its  asymptotic  value.  This  is  confirmed  by  the  high  order 
of  magnitude  (10''3  -  io-l2  cm?)  of  the  cross  sections  for  process  (3)  that 
we  estimate  from  the  spectra  ;  they  are  larger  than  the  geometrical  cross 
sections  by  a  factor  of  about  10,  showing  that  long  range  dipole-dipole  inte¬ 
raction  induces  the  main  coupling  with  the  cont’nuum  in  process  (3).  This  was 
clearly  demonstrated  first  by  the  extended  measurements  carried  out  by  Cheret 
and  Barbier  /  7  /  of  the  cross  sections  for  Pennine  and  associative  ionization 
in  the  Rb(r.l )  +  Rb(5p)  system.  These  authors  have  measured  cross  sections  for 
Penning  ionization  between  10''3  and  lO"'?  cm?  for  the  nl  =  7s  to  ’Is  and  Rd 
to  9d  series.  They  are  at  least  100  times  larger  than  the  measured  cross 
sections  of  associative  ionization  in  the  same  system.  Theoretical  calculations 
confirm  the  order  of  magnitude  of  the  experimental  values  /  28  /. 

-  Superelastic  heating  of  the  electrons 

The  cKara’c tVrTs tic"  time"  of  superelastic  collisions  (2)  for  electrons  of 
energy  EpO  =  0.05  eV  is  between  4  ■  10"6  s  and  4  •  10*?  s  for  n3p  =  10'?  to 
10' 3  cm-3  29  /.  Thus,  it  is  much  longer  than  the  free  diffusion  time  for  the 
electrons  ('  10*3  s).  However,  the  plasma  potentiel  Vn  eV  can  confine  the 
low  energy  electrons  within  the  excited  medium  for  a  long  time,  "infinite"  for 
the  c.w.  laser  excitation,  and  of  about  1  ps  for  the  pulsed  laser  excitation. 
Superelastic  heating  in  the  collision  (2)  thus  becomes  efficient  and  can  be 
observed  in  spectra  a)  and  b)  in  Fig.  1  as  well  as  in  the  spectrum  in  Fig.  2. 

Similarly,  for  the  same  conditions  as  those  of  spectrum  b)  in  Fig.  1  (no 
accelerating  grids),  the  electrons  produced  by  Penning  ionization  (3)  with  a 
kinetic  energy  in  the  range  (0.7  -  1.2  eV)  were  confined  within  the  interaction 
chamber  by  the  contact  potential  (2  V).  As  a  result,  it  has  been  possible  obser¬ 
ving  them  in  spectrum  b)  after  one  or  even  two  superelastic  collisions. 

1.2.  Off-resonance  ionization  of  Na  vapor 

The  production  of  Nap*  and  Na*  ions  in  a  sodium  vapor  (oq  =  1o"  -  lo'^  cm”^) 
irradiated  out  of  any  atomic  resonance  in  the  range  5800  -  6200  A  by  a  pulsed 
laser  light  of  moderate  intensity,  1  =  '0^  -  10'  W.cm*^,  has  been  reported  by 

several  groups  /  20-33/.  We  now  prebent  two  experiments  in  which  we  investi¬ 
gated  off-resonance  ionization,  using,  respectively,  short  pulse  (10  ns)  and 
long  pulse  (1  us)  excitation  of  the  Na  vapor.  These  two  experiments  support 
two  contrasting  interpretations  of  the  respcective  ionization  observed,  and  thus, 
suggest  that  pulse  duration  should  be  taken  into  account  in  the  analysis  of  the 
results. 
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1.2.1.  Short  pulse  excitation  of  the  vapor 

1 1 

A  first  experiment  /  23  /  has  been  performed  in  a  cell  (Tq'  K,  Oq  10 
CII1-3)  using  a  relatively  short  pulse  (10  ns)  of  laser  light  ;  laser  wavelength 
was  tuned  to  operate  in  the  range  5800  -  6200  A  with  a  spectral  width  0.07  A 
(.2  cm-1),  and  an  intensity  I|^  =  lO^-IO^  W.cm-2.  An  ion  mass  analysis  was  per¬ 
formed  and  Na2'*  and  Na*  ion  yields  were  measured  both  as  a  function  of  the 
laser  wavelength.  Numerous  and  complex  structures  are  observed  in  the  Na2* 
yield  spectrum  in  fig.  4,  for  which  the  resolution  is  limited  by  the  laser 
bandwidth.  However,  the  presently  reported  observations  have  a  significantly 
greater  resolution  than  those  of  Refs.  /  20-22  /. 


L.  _ .  I  .  :  :  1 _ 1 _ 1 _ 1 _ I _ I _ I - 1 - 1 - 1 - 1 - 1 - 1 - 1 - ^ - 1 

1  J  3  I.  S  6  7  8  9  10  11  li 

tASEP  WAVtLENOTH  ISIiP  UNITS! 


FIGURE  4  ,3  _3 

Na2*  ion  yield  measured  in  laser-excited  sodium  vapor  (oq  -  1.2  10  cm 

10  ns  excitation  pulse  of  intensity^  106  W.cm-2)  as  a  function  of  the  laser 
wavelength  between  5891  A  and  5910  A.  The  wavelength  origin  is  at  the  3S]/2 
3P3/2  resonance,  i  =  5889.94  A  ;  the  wavelength  step  unit  is  equal  to  1.6784  A. 
The  structures  characterize  three-photon  ionization  of  r;a2  dimers  enhanced  by 
the  resonant  excitation  of  'fg  or  Ing  states  of  Na2  -  see  text.  Two-photon 
transitions,  (3s  +  5s)  'tg  and  (3s  +  4d)  X  'fg,  to  the  highly  excited 

states  observed  by  Morgan  et  al.  are  labelled  as  in  Ref.  /  31  /. 


Furthermore  we  have  demonstrated  that  the  Na2*  ion  yield  varies  linearly 
with  the  density  of  Na2  dimers  for  which  the  fractional  value  is  approximately 
10-3  -10-4  in  the  vapor.  Thus  we  attribute  the  production  of  Na2'^  ions  to  the 
three-photon  ionization  of  Na2  dimers,  enhanced  by  the  resonant  or  quasi¬ 
resonant  excitation  of  rovi brationa 1  levels  in  intermediate  excited  states  of 
Na2.  More  precisely  we  believe  that  the  observed  structures  reflect  the  two- 
photon  resonant  transitions  between  rovibrational  levels  (v",  J")  and  (v,  J) 
of,  respectively,  the  X  '5:g  ground  state  and  'fg  or  excited  states  which 
lie  in  the  two-photon  energy  range.  The  latter  should  be  most  likely  the 
(3si5s;  and  'ilg  and  the  (3s+4d)  ''g  observed  by  Carlson  et 
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al .  /  30  /  and  Morgan  et  al.  /  31  /  in  two-step  polarization  spectroscopy  of 
Na2  ;  according  to  these  authors,  the  mentioned  states  are  correlated  to  Na(3s) 
+  Na(5s)  or  Na(3s)  +  Na(4d;  asymptotic  systems.  We  write  the  ionization  process 
as  ; 


(5) 


Na,  (X  's’") 
9 


2  -n,., 


Na^ 


Na^  +  e  (5a) 

►  Na'^  *  Na(3s)  +  e  (5b) 


The  first  step  of  the  two-photon  resonant  excitation  (5)  corresponds  to  the 
excitation  of  the  A  -  X  band  of  Na2.  Thus  process  (5)  itself  is  enhanced  when 
the  laser  wavelength  corresponds  to  a  resonant  transition  in  the  A  -  X  band 
(the  second  (i.,li  ■  A)  transition  is  also  resonant,  for  we  assume  (5)  to  be 
resonant  within  the  laser  band  width  .2  cm"').  From  a  numerical  analysis  of 
the  structures  in  Fig.  4  using  spectroscopic  data  of  Ref.  /  31  /.  we  find  more 
than  400  resonant  transitions  in  (5)  (within  .2  cm-')  from  the  lowest  v  levels 
of  the  ground  state,  which  involve  a  quasi-resonant  excitation  (within  1  cm-'j 
of  an  intermediate  A  (v',J')  level. 

Note  :  The  spectra  a  iso  include  the  contribution  of  (5a)  via,  first,  the 
resonant  excitation  of  a  rovibrational  transition  in  the  A  -  X  band,  and 
second,  a  quasi-resonant  excitation  (within  1  cm-')  of  (v,J)  levels  of  the 
';.g,  states.  However,  we  expect  this  contribution  (one-photon  i-esonant 
excitation  followed  by  two-photon  ionization)  to  be  lower  than  that  of  the 
process  which  is  considered  here  (two-photon  resonant  excitation  followed 
by  one-photon  ionization). 

’"lie  Na'^  ion  yield  which  was  measured  simultaneously  presents  some  of  the 
same  structures  as  for  Na2'‘.  We  attribute  the  production  of  Na*  nciniy  to  the 
three-photon  dissociative  ionization  (5b)  which  occurs  via  resonant  excitation 
(5)  of  Na2.  Then,  different  Franck-Condon  factors  in  (5a)  and  (5b)  account  for 
the  difference  between  the  observed  structures  i.i  Na2*  and  Na*  ion  yield 
spectra . 


1.2.2.  Long  pulse  excitation  of  the  vapor 


The  experiment  described  in  section  1.1  using  a  long  pulse  laser  excitation 
source  (1  us  pulse  duration,  70  GHz  bandwidth,  II  =  10^-106  W.cm-2)  has  been 
extended  to  the  case  of  off-resonance  excitation  of  the  effusive  medium.  In 
Fig.  5,  we  compare  two  spectra,  a)  and  b),  which  have  been  measured  at  two 
different  wavelengths  ; 

-  Spectrum  a)  ;  the  wavelength  >  =  6023  A  corresponds  to  the  two-photon 
excitation  of  the  3s-5s  transition.  During  the  1  us  pulse  duration,  the  5s 
state  decays  radiatively  to  the  4p  state  (ygi-gn  '•  8  •  10-8  s),  atoms  in  the 
4p  state  (and  those  in  the  3d  state  populated  by  radiative  decay  from  the  4p) 
are  then  photoionized  at  the  given  wavelength  with  a  cross  section  (4p) 

'  4  Mb  /  26  /  (peak  i),  whereas  atoms  in  the  5s  state  are  weakly  photoionized 
(peak  ■)  -  see  section  1.2. 

-  Spectrum  b)  ;  the  wavelength  X  =  6040  A  does  not  correspond  to  any  atomic 
transition.  Nevertheless,  one  notices  that  the  >  and  4  peaks  remain  the  domi¬ 
nant  structures  in  the  spectrum.  Processes  (5a-b)  produce  electrons  of  energy 
between  0.0  and  1.4  eV.  However,  it  would  be  a  striking  coincidence  if  these 
electrons  were  produced  precisely  at  the  energies  w.hich  characterize  the  photo¬ 
ionization  of  atoms  in  the  nl  =  4p,5s  and  4d  states.  Thus,  we  conclude  that  the 
above  nl  states  are  populated  off-resonance  in  the  vapor.  The  possibility  that 
they  are  excited  directly  by  the  laser  of  by  its  fluorescence  background  is 
excluded.  Rather  we  propose  either  the  photodissociation  of  the  laser-excited 
dimers  into  excited  atoms  /  32  /  ; 
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FIGURE  5 

Electron  energy  spectra  measured  in  Na  vapor  at  temperature  520  K  excited 
with  a  long  pulse  laser  (1  ps  ,  II  '05  W.cm-2).  a)  :  >  =  602.3  nm  corres¬ 
ponds  to  the  two-photon  3s  5s  transition.  The  '  and  peaks  are  produced  by 
photoionization  of,  respectively,  Na(5s)  and  Na(4p)  at  the  given  wavelength, 
the  4p  state  being  populated  from  the  5s  by  radiative  decay,  b)  :  ■  =  604  nm. 
From  a  comparison  with  spectrum  a),  one  still  attributes  peaks  and  .  to  the 
photoionization  of,  respectively,  Na(5s/4d)  and  Na(4p/3d)  atoms  :  a  pool  of 
excited  atoms  is  produced  off-resonance  in  the  vapor  by  photodissociation  of 
-  or  collisional  enemy  transfer  from  dimers  in  two-photon  excited  '"J  or  '  g 
states. 

(6)  Na2  (X  'ig)  Na2  (  Eg,  Fg)  -  Na(3s)  +  Na(5s  or  4d) 

or  the  collisional  energy  transfer  between  laser-excited  dimers  and  atoms 
/  33  /  ; 

(7)  Na2  +  Na(3s)  ->•  Na2  +  Na(5s  or  4d) 

as  two  mechanisms  capable  of  producing  a  pool  of  excited  atoms  in  the  vapor. 
The  excited  atoms  are  then  photoionized  as  in  the  resonant  cases.  In  the 
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present  long  pulse  experiment,  this  process  seems  to  be  dominant  over  the  three 
photon  direct  ionization  (5a, b)  of  Na2  :  the  steady-state  population  in  the  4p 
state  is  a  reservoir  of  excited  atoms  which  are  photoionized  with  a  relatively 
high  cross  section  (which  may  be  higher  than  the  photoionization  cross  section 
of  Na2  in  the  'Zg  and  'Pg  states  in  5a, b).  Such  a  reservoir  does  not  exist  in 
the  previous  short  pulse  experiment  (>51.40  ^  pulse  duration).  Thus  we  propose 
that  processes  (6)  or  (7)  may  explain  the  particular  features  of  the  electron 
energy  spectra  measured  off-resonance.  In  Ref.  /  21  /  reporting  the  results  of 
a  long  pulse  experiment,  we  attributed  the  production  of  1^32*  ions  to  three- 
photon  ionization  (5a)  of  Na2  ;  Na+  ion  yield  was  not  measured.  Our  present 
interpretation  of  the  Na+  production  does  not  contradict  the  conclusions  of 
Ref.  /  21  /. 


2.  ELECTRON  SPECTROMETRY  STUDY  OF  ON-RESONANCE  IONIZATION  IN  Ba  VAPOR 


In  this  experiment  we  have  studied  the  energy  distribution  of  the  electrons 
produced  in  a  resonantly  excited  Ba  vapor  using  the  experimental  set-up  of 
section  1.1  /  12  /.  Ba(6s2  'Sg)  atoms  in  the  effusive  beam  were  excited  by  a 
c.w.  laser  source  to  the  6s6p  'P^  excited  state  (see  Fig.  6);  the  6s6p  3p 
state  could  be  populated  from  the  6s6p  'Pj  by  collisional  quenching  /  10  /. 
However,  the  dominant  populations  of  excited  atoms  are  produced  in  the  metast¬ 
able  states  6s5d  ’o  and  6s5d  ^0  which  are  populated  by  either  radiative  decay 
or  collisional  quenching  from  the  upper-lying  states. 

2.1 .  Probe  of  atomic  populations  in  the  excited  states  -  Absolute  energy 
scale 


As  for  Na  (see  §  1.1.1)  parallel  study  of  the  photoionization  of  Ba  in  the 
ground  state  and  in  excited  states  by  SR  /  34  /  has  provided  a  useful  method 
for  calibrating  the  absolute  energy  and  for  probing  the  atomic  population  in 
the  different  states.  A  typical  electron  energy  spectrum  produced  by  collisio¬ 
nal  ionization  of  excited  Ba  atoms  and  by  simultaneous  photoionization  of  Ba 
atoms  in  ground  and  excited  states  is  presented  in  Fig.  7.  In  spectrum  b)  in 
Fig.  7,  the  electron  lines  above  10  eV  of  kinetic  energy  are  due  to  the  ioni¬ 
zation  of  Ba  atoms  by  the  synchrotron  radiation,  "^he  peaks  labelled  G]  and  Gp 
are  produced  by  photoionization  in  the  6s  outer-shell  of  the  ground  state  atom 
by  18.49  eV  photons  (SR).  The  lines  labelled  Mi,  M]'  and  M2,  Mo'  are  produced 
by  photoionization  of  the  atoms  in,  respectively,  the  6s  and  trie  5d  subshells 
of  the  6s5d  I0  and  6s5d  3d  (peaks  labelled  with  a  prime)  raetastable  states, 
this  photoionization  being  resonantly  enhanced  at  the  given  photon  energy  via 
the  excitation  of  autoionizing  states.  A  weak  signal  E  is  produced  by  photo¬ 
ionization  in  the  6p  shell  of  the  6s6p  1p  laser-excited  state. 

As  in  the  case  of  Na,  the  absolute  energy  scale  can  be  determined  from  the 
known  energy  position  of  the  observed  photoelectron  lines.  In  the  low  energy 
range  of  the  spectra  (0,  6  eV),  we  have  used,  as  an  additional  reference,  the 
photoelectron  lines  Xei  and  Xe2  produced  by  photoionization  of  Xe  in  the  5p 
shell  (respectively,  Xe(5p6)  +  iVo  ►  Xe(5p^  ^^l/Z  ^P3/2)  +  e)  try  18.49  eV 

photons.  The  choice  of  these  energy  references  reduces  tne  uncertainty  due  to 
slight  differences  in  the  diffusion  conditions  between  low  energy  and  high 
energy  (Eg  >  6  eV)  electrons.  Absolute  energies  of  the  peaks  in  the  low  energy 
range  of  spectra  a)  and  b)  are  then  determined  within  an  uncertainty  of  0.02  eV 

Photoelectron  lines  from  Ba  atoms  give  direct  evidence  that  excited  states 
(especially  the  metastable  states)  were  populated  in  the  vapor.  Furthermore, 
it  is  possible,  in  principle,  to  determine  the  densities  in  the  different 
states  (ground  and  excited  states)  from  the  intensities  of  the  corresponding 
peaks.  One  notes  for  instance  that  the  relative  decrease  of  the  intensity  of 
peak  Gi  (from  the  ground  state)  when  the  laser  is  turned  on  is  equal  to  the 
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FIGURE  6  2  1 

Energy  diagram  of  Ba  atomic  states  Illustrating  the  laser-excited  65“^  So  - 
6s6p  1Pi  transition  and  the  way  of  populating  the  metastable  6s5d  and 
states  by  either  radiative  decay  or  collisional  quenching  (also  from  colli- 
sionally  populated  6s6p  3p).  The  dashed  line  corresponds  to  the  energy  of  the 
Baf6s6p  'P)  +  Ba(6s6p  Ip)  colliding  system  and  show  that  6s8s  1S  and  3$  (the 
U  vter  is  not  represented  on  the  energy  diagram),  6s8p  'P  and  6s7d  3d  can  be 
populated  in  the  above  energy  pooling  collision. 


total  relative  density  of  atoms  in  the  excited  states.  By  this  method,  we  were 
able  to  determine  that  up  to  90%  of  the  atoms  were  transferred  to  the  excited 
states,  that  are  mainly  in  the  metastable  'D  and  3d  states.  However  absolute 
photoionization  cross  sections  or  autoionization  rates  for  the  different  excited 
states  have  not  been  yet  either  measured  or  calculated.  Thus,  an  accurate  deter¬ 
mination  of  the  different  densities  cannot  yet  be  carried  out.  A  tentative 
analysis  of  the  spectra  indicates  that  the  densities  in  the  two  metastable 
states  should  be  of  the  same  order  of  magnitude,  the  state  being  favoured, 
whereas  the  density  in  the  6s6p  'P  and  6s6p  3p  remains  relatively  weak. 

2.2.  Col  1 isional,  ionization  and  multiple  superelastic  processes 

The  spectra  a)  and  b)  in  Fig.  7,  in  which  Ee  2.  '-5  eV,  are  obtained  without 
accelerating  grids  for  two  different  laser  powers  ;  in  spectrum  a)  the  den¬ 
sities  in  the  'D  and  3d  metastable  states  are  approximately  5  times  smaller 
than  in  spectrum  b).  The  spectra  demonstrate  the  existence  of  hot  electrons 
in  the  medium  in  the  range  1.5-4  eV,  produced  by  collisional  ionization  of 
excited  atoms,  and  then  further  heated  in  superelastic  collisions  with  excited 
atoms.  One  can  interpret  the  different  structures  in  spectra  a)  and  b)  (Ep  < 

5  eV)  by  assuming  that  one  dominant  electron  population  of  either  energy  Ep 
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FIGURE  7  . 

Electron  energy  spectra  measured  in  Ba  vapor  laser-excited  to  the  6s6p  P  state 
for  two  different  laser  powers  a)  Pl  =  35  mW,  and  b)  Pl  =  350  mW,  which  corres¬ 
pond  respectively  to  different  densities  in  the  metastable  states.  Electron 
lines  at  high  energy  Ee  >  10  eV  in  spectrum  b)  are  produced  by  photoionization 
of  Ba  in  ground  and  excited  states  by  synchrotron  radiation.  Peaks  Xei  and  Xej 
are  energy  reference  lines  produced  by  photoionization  of  xenon  by  SR  in  the 
5p  subshell.  Low  energy  structures  in  spectra  a)  and  b)  correspond  to  the  elec¬ 
trons  produced  in  collisional  ionization  processes  I  or  I'  {see  text),  which 
have  undergone  multiple  superelastic  collisions  with  Ba  either  in  6s5d  Ip  (S) 
or  in  3d  (S')  state.  The  peaks  are  labelled  by  the  sequence  I  (I'),  pS,  p'S', 
where  p,  p'  =0,  I,  2, which  schematically  represents  the  sequential  steps  for 
their  production  (S  and  S‘  processes  are  not  ordered). 


or  Eg'  is  initially  produced  in  the  vapor  in  the  following  collisional  ioniza¬ 
tion  processes  (1)  with  ^D,or  (!')  with  3d  metastable  states  : 

(I  or  r)  Ba(6s  nl  +  Ba(6s5d  ’d  or  ^D)  ^  Ba^  +  Ba(6s^)  +  e(Eg  or  E^') 

These  electrons  (of  energy  Eg"  in  the  general  case)  may  undergo  further  super¬ 
elastic  collisions  with  either  Ba(6s5d  lD)  (S)  or  Ba(6s5d  3d)  (s')  according  to 

(S  or  S')  Ba(6s5d  'o  or  ^D)  +  e(Eg")  ■>  Ba(6s^)  +  e(Eg"  +  1.41  or  1.14  eV) 

3  1 

where  1.14  eV  and  1.41  eV  are  the  energies  of  the  D  and  D  states,  respecti¬ 
vely. 

If  we  attribute  the  peaks  in  spectra  a)  and  b)  to  different  sequences  of  an 
ionizing  collision  (I)  or  (!')  followed  by  superelastic  collisions  (S)  or  (S'), 
which  are  schematically  indicated  beside  the  peaks  in  Fig.  7,  we  can  determine 
a  unique  energy  of  4.45  +  0.03  eV  for  the  6snl  2S+1L  state  in  (I)  and  (I'), 
close  to  the  energies  of  the  6s7d  3d  (4.42  eV)  and  6s8p  1p  (4.44  eV)  states. 
Then  we  remark  that  the  6s7d  3d  state  can  be  populated  in  the  energy  pooling 
collisions  of  two  Ba(6s6p  1p)  atoms  (2.24  eV)  ; 
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(7)  Ba(6s6p  ’p)  +  Ba(6s6s  ’p)  +  fiW  Ba(6s7d  ^D)  +  Ba(6s^  ’s) 

whereas  the  6s8p  'p  cannot  be  produced  in  dipole-dipole  interaction  and  should 
be  less  populated  in  the  collision  (7).  From  the  spectra,  the  contribution  to 
ionization  via  (I)  and  {!')  of  the  6s8s  's  and  states  4.26  eV)  which  can 
be  populated  in  the  collision  (7)  is  much  smaller  {and  not  observed)  than  that 
of  the  6s7d  state. 

Further  studies  of  the  primary  electrons  between  0  and  2  eV  using  accelera¬ 
ting  grids  are  in  progress.  These  experiments  will  provide  us  with  a  verifica¬ 
tion  of  the  present  interpretation  of  the  spectra. 

CONCLUSION 

We  have  investigated  the  ionization  processes  which  take  place  in  laser- 
excited  metallic  'pors  of  Na  and  Ba. 

For  a  resonant  population  of  excited  states  by  either  a  c.w.  or  a  pulsed 
excitation  source  one  observes  first  the  subsequent  population  of  highly 
excited  states  in  energy  pooling  collisions  of  optically  (laser)-excited  atoms. 
From  this  latter,  the  dominant  ionization  processes  are  associative  and 
Penning  ionization  in  the  collisions  of  optically-excited  or  collisionally 
excited  atoms.  Photoionization  of  excited  atoms  becomes  significant  in  the  case 
of  a  pulsed  laser  excitation  source.  Electron  spectrometry  allows  simultaneous 
resolution  and  observation  of  the  different  ionization  channels.  In  addition 
we  used  this  technique  to  study  superelastic  energy  transfer  between  electrons 
and  excited  atoms.  This  process  can  produce  a  complex  energy  distribution  of 
the  electrons  in  the  Ba  vapor  case,  for  at  least  two  different  excited  states 
(6s5d  Id  and  3o)  give  rise  to  an  efficient  superelastic  heating. 

The  off-resonance  pulsed  excitation  of  the  vapor  (Na)  involves  laser-excited 
dimers.  However  experimental  results  outline  the  difference  between  short  pulse 
and  long  pulse  experiments.  In  the  short  pulse  experiment,  Na2'^  ion  yield  mea¬ 
surements  characterize  the  three-photon  ionization  of  Na2,  resonantly  enhanced 
by  the  excitation  of  intermediate  states.  In  the  long  pulse  experiment  we  con¬ 
clude  rather  that  a  population  of  highly  excited  atoms  is  produced  by  photo¬ 
dissociation  or  collisional  quenching  of  laser-excited  dimers,  these  excited 
atoms  being  further  efficiently  photoionized. 
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1.  INTRODUCTION 

Collisions  of  excited  atoms  with  molecules  at  thermal  and  suprathermal 
energies  (0.01  eV  to  1  eV)  have  attracted  growing  interest  over  the  past  few 
years.  The  excited  atom  studies  mentioned  in  this  report  have  focused  on 
alkali  atoms  since  they  are  easily  optically  pumped  to  n^S,  n^P  or  n^D 
excited  levels  using  tunable  dye  lasers 

Collisions  between  an  excited  alkali  atom  A*  and  a  molecule  BC  can  be 
divided  into  three  classes  (considering  only  neutral  exit  channels); 

-  First,  A*  can  be  scattered 
e1astically(  same  electronic 
cx-Itction  before  and  after 
the  collision.  In  such  a 
collision,  the  internal  excita¬ 
tion  (rotational  or  vibrational) 
of  the  molecular  perturber  can 
change.  One  question  is  how 
the  excitation  of  the  molecule 
BC  is  affected  by  the  electronic 
excitation  of  the  collision  partner  A.  Such  processes  are  not  reported  here. 
The  interested  reader  is  referred  to  [1]. 

-The  second  possibility  is  that  A  is  scattered  inelastically  from  the 
excited  level  A*  to  the  level  A*'  (A*'  may  or  may  not  be  excited).  Among 
these  processes,  the  quenching  of  the  first  excited  ^P  doublet  of  alkali 
atoms  has  been  recently  extensively  reviewed  [2,3].  These  quenching 
processes  are  fairly  simple  since  only  the  initial  state  of  A  is  excited.  We 
will  consider  more  complex  situations  in  this  report  (see  section  2)  where 
both  t‘'°  initial  and  the  final  states  of  A  are  excited:  we  consider 
processes  such  as 

A(nl)  +  BC - »  A(n'l')  +  BC  (1) 

where  A  is  an  alkali  atom  (Rb  in  this  report),  BC  a  molecule  (diatomic  here) 
and  where  nl  (n'T)  are  the  principal  and  orbital  quantum  numbers  describing 
the  initial  (final)  state  of  A.  When  considering  process  (1),  our  purpose  is 
to  answer  the  following  question:  to  what  extent  (and  why?  ),  is  the 
inelastic  transfer  A(nl)  — »  A(n'l')  modified  when  the  perturber  is  a 
molecule  BC  instead  of  a  rare  gas  atom? 

-  Finally,  the  collision  A*  +  BC  can  be  reactive.  Recent  reviews  are 
available  in  this  field  [4,5,6].  A  collision  of  this  type  is  reported  in 
section  It  concerns  the  reaction 

Na*  +  O2  - *  NaO  +  0  (?) 

where  the  Na  atoms  are  either  in  the  ground  state  3S  or  in  the  excited 
levels  3P,5S  or  4D.  This  example  is  used  to  illustrate  the  dramatic  effects 
that  the  electronic  excitation  of  reactant  atoms  has  on  reactive  scattering. 
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For  both  types  of  processes  discussed  in  this  report  {inelastic  and 
reactive  scattering)  the  polarization  of  the  excited  atomic  state  can 
influence  the  collision  (such  phenomena  are  usually  called  polarization 
effects).  The  systematic  observation  of  such  effects  in  reactive  collision' 
is  fairly  recent  [6].  Since  a  symposium  is  devoted  to  collisions  of 
polarized  atoms  during  this  conference  we  do  not  report  on  polarization 
effects  here. 


2  INELASTIC  SCATTERING 

For  a  general  understanding  of  type  (1)  collision  processes,  it  is 
often  useful  to  investigate  them,  when  they  take  place  in  collisions 
involving  Rydberg  atoms  (i.e.  highly  excited  atoms)  [7].  In  such  collisions, 
fairly  simple  theoretical  approaches  are  valid  and  give  clear  picture  of  the 
physical  phenomena  involved  in  the  collision  process  under  investigation. 
This  can  help  us  understand  the  collisional  properties  of  less  excited  atoms 
where  more  complicated  theories  are  required. 

Following  this  idea,  we  first  consider  (section  2.1)  the  quenching  of 
Rydberg  atoms  according  to  the  scheme 

Rb{nS)  +  X  — »  Rb(iinS)  +  X  X=  He,  N2,  CO  (3) 

where  the  principal  quantum  number  n  ranges  from  25  to  45.  Process  (3)  is  a 
type  (1)  process.  Studying  process  (3)  will  allow  to  identify  one  of  the 
mechanisms  by  which  molecular  perturbers  may  have  different  behaviors  from 
that  of  rare  gases  when  inducing  a  type  (1)  inelastic  transfer.  This 
mechanism,  a  resonant  transfer  between  electronic  energy  of  Rb  and 
rotational  energy  of  the  molecular  perturber,  is  then  studied  in  more  detail 
in  section  2.2  when  considering  the  intermultiplet  mixing 

Rb(7S)  +  H2  — >  Rb{50)  +  H2  (4) 

Finally,  when  considering  in  section  2.3  the  process 

Rb(5Pi/2)  *  ^2  — ♦  Rb(5P3/2)  +  H2  (5) 

we  will  see  an  other  way  by  which  molecular  perturbers  differ  from  rare  gas 
perturbers  when  inducing  type  (1)  inelastic  processes. 

2.1  Quenching  process  of  Rb(nS)  Rydberg  atoms 

The  quenching  of  Rb(nS)  according  to  process  (3)  is  fairly  complicated 
since  the  final  state  of  Rb  is  not  specified.  We  only  know  it  is  different 
from  the  the  initial  level  nS.  The  depopulation  process  (3)  thus  includes 
several  more  elementary  collisional  processes.  We  must  make  clear  what  they 
are.  The  quenching  of  Rb(25S)  is  taken  as  exemple  in  figure  1  .The 
collisions  called  1-mixing  transfer  the  excitation  from  the  level  25S  to 
levels  such  as  22F,G...  which  have  the  same  effective  principal  quantum 
number  than  the  level  255.  When  the  excitation  is  transferred  to  a  level  of 
different  effective  principal  quantum  number  (upper  or  lower),  the  transfer 
is  called  n-changing  (for  exemple  the  transfers  255  to  265  or  255  to  245). 
Finally,  the  collision  can  ionize  the  Rydberg  atom. 

2.1.1  Experiment  and  results 

Two  pulsed  lasers  excite  Rb  atoms  stepwise  to  a  Rydberg  nS  state  (first 
55-5P  then  5P-n5;  the  n  value  is  varied  by  changing  the  wavelength  of 
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the  second  laser  ).  The  depopulation  of  the  nS  state  due  to  collisions  with 
the  perturber  X  is  followed  by  field  ionization  in  a  cell  experiment.  This 
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allows  the  measurement  of  the  Maxwel 1 ian-averaged  cross-section  of  process 
(3)  as  a  function  of  the  principal  quantum  number  n  over  the  range  ?5-45. 
The  experimental  methods  and  especially  the  field  ionizetion  technioue  are 
described  extensively  in  references  [8,9,10]. 

The  cross-section  of  process  (3)  measured  in  references  [8,10,11]  are 
shown  in  figure  2.  Two  features  can  be  distinguished:  (i)  cross-sections 


FIGURE  2 

Cross-section  of  process  (3) 
as  a  function  of  the  principal 
quantum  number  n.  Experiment 
(open  and  full  circles  with  error 
bars) .Theory :  1-mixing  cross 
section  for  He(dotted  curve) 
N2(dashed  curve)  and  CO  (dotted 
dashed  curve) ;total  cross  section 
for  CO  (full  curve) 


measured  with  the  perturbers  Nj  and  He  are  almost  identical  (within  a 
factor  2).  (ii)  Cross-sections  measured  with  CO  are  one  order  of  magnitude 
larger  than  those  measured  with  N2. 
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2.1.2  Theoretical  interpretation. 

The  interaction  of  the  Rydberg  electron  with  the  perturber  X  is  now 
recognized  as  being  the  dominant  interaction  responsible  for  quenching 
processes  such  as  (3)  [12,13].  Moreover,  the  impulse-approximation  has 
proved  very  effective  in  predicting  the  corresponding  cross-sections 
[14,15].  Simple  analytical  formulas  are  now  available  within  this  framework. 
They  allow  the  calculation  of  the  cross-sections  of  the  elementary 
processes;  1-mixing,  n-changing  and  ionization  [16,17].  When  using  these 
formulas  explicitly  for  process  (3),  Petitjean  et  al  give  a  quantitative 
interpretation  of  the  experimental  data  of  figure  2  [7,10,11].  Their  results 
are  plotted  in  figure  2.  They  give  a  clear  picture  of  the  three  elementary 
processes  1-mixing,  n-changing  and  ionization. 

L-mixing  is  induced  by  short  range  Rydberg  electron-perturber  forces. 

It  is  the  dominant  process  when  the  perturber  X  is  a  rare  gas.  This  is 
illustrated  by  the  nice  agreement  observed  in  figure  2  between  the 
calculated  l-mixing  cross-sections  for  He  (dotted  curve),  and  the 
corresponding  experimental  results.  When  calculating  the  l-mixing 
cross-section  for  Nj  (dashed  curve),  excellent  agreement  is  also  obtained. 
This  means  that  for  as  for  He,  l-mixing  is  the  dominant  mechanism 
responsible  for  process  (3). 

Turning  to  CO,  the  calculated  l-mixing  cross-section  (dotted-dashed 
curve  in  figure  2)  underestimates  the  experimental  results.  Therefore 
l-mixing  is  no  longer  the  only  mechanism  responsible  for  process  (3)  when 
the  perturber  is  CO.  This  is  confirmed  when  calculating  the  n-changing  and 
ionization  cross-sections  (due  to  the  long  range  Rydberg  electron-CO  dipolar 
moment  interaction);  n-changing  collisions  appear  as  the  sum  of 
near-resonant  processes  such  as 

Rb(25S)  +  C0(J=4)  - »  Rb(21F,G...)  +  C0(J=5)  E=0.15  crn'l  (6) 

which  have  very  large  cross-sections  (10940  for  process  (6)).  In 
comparison,  ionization  does  not  play  an  important  role.  When  adding 
l-mixing,  n-changing  and  ionization  cross-sections,  the  solid  curve  of 
figure  2  is  obtained.  It  is  in  excellent  agreement  with  the  CO  experimental 
data. 

The  reason  for  the  behavior  differences  between  CO  and  Np  in  figure  2 
is  clear  now.  For  CO  near-resonant  n-changing  collisions  have  large  cross 
sections  because  the  rotational  energy  of  CO  is  firmly  coupled  to  the 
electronic  energy  of  Rb.  For  N2  which  has  no  permanent  dipolar  moment, 
this  coupling  is  much  weaker.  As  a  result,  although  near-resonant  n-changing 
collisions  exist  for  Nj,  their  contribution  to  process  (3)  is  negligible, 
l-mixing  thus  appears  as  dominant  for  the  perturber  as  if  were  a 
rare  gas. 

2.1  Intermultiplet  mixing 

To  go  deeper  into  the  understanding  of  near-resonant  processes  such  as 
that  identified  above,  we  must  find  a  clean  experimental  situation  where  the 
resonant  process  is  fairly  well  isolated.  Process  (4)  is  a  satisfactory 
choice,  since  (i)  a  near  resonant  process  exists  when  X=H2 

Rb(7S)  +  H2(i=l)  — *  Rb(50)  +  H2(j=3)  E=21  cm-1  (7) 

(the  7S-5D  splitting  is  608  cnr^).  In  contrast,  the  rotational  level 
splitting  of  Dj  mismatches  this  splitting,  (ii)  both  the  initial  and  the 
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final  excited  level  of  Rb  can  be  characterized  without  ambiguity,  (iii) 
process  (4)  can  be  studied  using  a  crossed  beam  experiment,  (iv)  the  initial 
rotational  level  population  of  the  molecular  perturber  can  be  determined 
under  our  experimental  conditions,  (v)  the  absolute  value  of  the 
cross-section  of  process  (4)  can  be  measured  as  a  function  of  the  relative 
velocity  of  the  colliding  partners.  The  experimental  method  is  described  in 
references  [18  19,20]. 

The  cross-section  of  process  (4)  as  a  function  of  relative  velocity  has 
been  measured  experimentally  in  reference  [20]  for  the  three  perturbers 
H2,  02  and  He.  The  results  are  shown  in  figure  3.  The  velocity  range 
covered  in  this  figure  corresponds  to  energies  between  0.02  eV  and  0.4  eV. 
The  two  important  results  are:  (i)  O2  which  cannot  lead  to  resonant 
electron! c-to-rotational  energy  transfers,  acts  very  much  like  He,  (ii)  in 
contrast,  H2  at  small  velocities  leads  to  much  larger  cross-sections  than 
02. 


FIGURE  3 

Process  (4)  cross-section  as  a 
function  of  the  relative  velocity 
of  the  colliding  partners. 
Experiment  (full  and  open  circles 
open  triangles).  Landau  Zener 
calculations  for  He  (dotted 
curve),  for  ffull  jnrt 

for  H2  (dashed  curve) . 


Following  [20],  avoided  crossings  between  the  potential  curves  appear 
to  be  the  dominant  coupling  mechanisms  for  both  perturbers  D2  and  He 
(reliable  potential  curves  for  He  and  potential  surfaces  for  D2  are  now 
available  [21,22]).  These  avoided  crossings  have  been  treated  by  the  simple 
Landau  -  Zener  formula,  and  lead  to  nice  agreement  with  the  experimental 
results  (see  figure  3).  In  contrast,  when  such  a  model  is  used  for  H2,  the 
calculated  curve  disagrees  with  experiment  at  small  relative  velocities. 

This  strongly  suggests  that  H2  does  not  act  as  a  rare  gas.  Its  rotational 
levels  play  a  direct  role  during  the  collision.  They  give  rise  to  the  near 
resonant  process  (7).  Assuming  that  for  relative  velocities  smaller  than 
4000  m/s,  process  (7)  is  dominant,  it  is  possible  to  extract  the 
cross-section  of  process  (7)  from  the  data  of  figure  3  as  shown  in  figure  4 
(arbitrary  units).  The  cross-section  of  process  (7)  has  been  calculated 
using  the  impulse  approximation  already  seen  in  section  2.1.2  .  The  results 
are  also  plotted  in  figure  4.  The  main  observation  in  this  figure  is  the 
vanishing  importance  of  the  resonant  process  (7)  as  the  relative  velocity 
increases.  The  second  important  point  is  that  the  impulse  approximation 
which  is  well  established  for  the  collision  of  Rydberg  states  is  also  fairly 
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FIGURE  4 

Velocity  dependence  of  process 
(7)  cross-section. 

Experiment:  full  circles  with 
error  bars. 

Theory:  the  full  curve  gives  the 
results  of  the  impulse 
approximation  calculation. 


accurate  when  dealing  with  low  lying  excited  states  of  Rb  (see  the  nice 
agreement  between  theory  and  experiment  in  figure  4).  Note  however  that  this 
theory  overestimates  the  absolute  value  of  the  cross-section  (measured  but 
not  shown  in  figure  4)  by  about  a  factor  3. 

Near-resonant  rotational-to-electronic  enerov  transfers  are  thus 
associated  with  large  cross-sections  if  two  conditions,  at  least,  are 
fulfilled.  First,  a  strong  coupling  must  exist  between  the  molecular 
rotation  and  the  atomic  electronic  energy  (in  process  (3)  an  electron-dipole 
inters,ction  is  necessary  to  allow  the  resonant  energy  transfer  to  overcome 
the  already  large  cross-section  given  by  the  non-resonant  l-mixing  mechanism 
while  in  process  (4)  a  quadrupolar  interaction  is  strong  enough,  because 
non-resonant  processes  have  very  small  cross-sections).  Secondly,  small 
relative  velocities  of  the  colliding  partners  are  required. 

2.3  Fine  structure  transitions  of  Rb  atoms 

In  both  examples  above,  differences  between  molecular  and  rare  gas 
behaviors  are  due  to  near-resonant  rotational-to-electronic  energy 
transfers.  Of  course,  such  resonances  are  not  the  only  way  for  molecular 
perturbers  to  differ  from  rare  gas  perturbers.  This  is  examplified  when 
considering  process  (5).  The  collision  partners  are  the  same  as  in  the 
preceding  example,  but  the  inelastic  process  is  different  (a  fine  structure 
transition  of  Rb)  and  no  near-resonances  exist. 

The  cross-section  of  process  (5)  has  been  measured  as  a  function  of  the 
collision  energy  with  the  same  experimental  device  as  that  used  in  the 
preceding  example  [?3].  The  results  are  plotted  in  figure  5. 

At  small  collision  energies  the  cross-section  is  two  orders  of 
magnitude  larger  for  than  for  He.  This  difference  is  not  due  to 
resonant  energy  transfers.  Its  origin  ha*^  been  identified  by  Hickman 
[24,25].  Figure  6  is  a  schematic  plot  of  the  potential  curves  describing  the 
Rb(5P)-He  interaction.  The  fine  structure  transition  in  Rb(5P)  induced  by  He 
is  due  mainly  to  radial  coupling  between  the 31  ^nd  flj/^  curves 
which  is  localized  at  a  Rb-He  distance  of  about  12  a.u.  (distance  R1  in 
figure  6)  [26].  When  using  this  coupling  in  a  simple  semiclassical 
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calculation,  the  dashed  curve  of  figure  5  is  obtained  [25].  Fair  agreement 


Energy  (  eV  ) 

FIGURE  5 

Absolute  value  of  process  (5) 
cross-section  as  a  function  of 
collision  energy.  Experimental 
data  for  He  (full  circles)  and 
(open  circles).  Theoreti¬ 
cal  calculations  for  He(dashed 
and  dotted  curves)  and  H2  (full 
curve) .  See  text. 


Rb  -  X  Distance 


FIGURE  6 

Scheme  of  the  potential  energy 
curves  describing  the  Rb(5P)-He 
interaction.  Rj  and  Rp  are 
the  distances  where  the  first 
and  second  radial  coupling  are 
local ized  (see  text) . 


with  the  He  experimental  data  is  observed.  With  He,  because  of  its  spherical 
symmetry,  a  selection  rule  prevents  radial  coupling  between  the  f  j/p  and 
the  flp/p  curves.  This  no  longer  the  case  with  Hp  because  it  is  not  a 
spherical  perturber._For  this  reason  a  second  radial  coupling  occurs  which 
couples  the  curves  ''—1/2  ^*3/2  closer  distances  than  the  first 

radial  coupling  (Rp  is  roughly  equal  to  6  a.u.).  When  this  second  coupling 
is  included  in  the  above  seraiclassical  calculation,  the  full  curve  of  figure 
6  is  obtained.  It  is  in  good  agreement  with  the  Hp  data. 

This  example  is  important  because  it  shows  that  resonances  are  not  the 
only  mechanism  by  which  molecular  perturbers  are  different  from  atomic 
perturbers. 

Slightly  outside  the  scope  of  this  report,  but  nonetheless  interesting 
is  that  the  simple  semiclassical  model  used  above  is  not  the  only  w.iy  to 
calculate  the  cross-section  of  fine  structure  transitions.  Full  Quantum 
treatments  are  now  available  for  both  rare  gas  and  molecular  perturbers 
[27,28,29].  They  are  especially  efficient  for  rare  gas  perturbers  since  very 
accurate  potentials  are  available  [21].  Process  (5)  for  the  perturber  He  is 
a  typical  example  which  shows  how  well  these  theories  work,  (see  in  figure  5 
the  excellent  agreement  between  the  dotted  curve  calculated  by  0.  Pascale 
[private  communication]  and  the  He  experimental  data)  [24,25]. 
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3.  REACTIVE  SCATTERING 

An  important  issue  in  chemical  kinetics  is  understanding  the  role  of 
reactant  internal  excitation  on  chemical  reactivity.  Growing  interest 
concerns  the  reactivity  of  electronically  excited  atomic  reactants  (see  for 
instance  [4,5,6,30,31,32,33]).  Within  the  necessarily  limited  frame  of  this 
report  we  will  focus  on  one  reactive  process  only:  process  (2)  where  the 
effect  of  electronic  excitation  in  Na  is  particularly  dramatic. 

Process  (2)  is  endothermic  by  58  kcal/mole  and  9.5  kcal/mole  when  Na  is 
in  the  states  3S  and  3P  respectively.  If  Na  is  in  either  states  4D  or  5S, 
the  reaction  is  exothermic  with  about  the  same  amount  of  excess  energy  (41 
and  37  kcal/mole  respectively). 

A  crossed  beam  apparatus,  a  rotatable  detector  (electron  bombardment 
ioni2er  +  mass  spectrometer)  and  a  two  step  laser  excitation  of  the  Na  atoms 
are  used  to  study  process  (2).  The  laboratory  angular  distribution  of  the 
product  molecule  NaO  is  measured  as  shown  in  figure  7  for  various 


Scattering  Angle  (Degrees) 


FIGURE  7 

Laboratory  angular  distribution 
of  NaO  in  process  (2).  Full 
circles  correspond  to  the 
reaction  of  Na(44D).  Open 
circles  correspond  to  the 
reaction  of  Na(3^S,  3^P 
and  S^S).  Lines  are  fits  to 
the  experimental  points.  Error 
bars  are  within  the  size  of 
each  experimental  point. 


electronic  excitations  of  the  Na  atoms.  These  angular  distributions  have 
been  recorded  at  a  mass/charge  ratio  of  23  since  most  of  the  NaO  molecules 
fragment  into  Na"^  in  the  electron  bombarment  ionizer.  Thus,  the  rising 
signal  at  small  scattering  angles  is  not  related  to  the  reaction  product 
NaO,  but  to  Na  atoms  scattered  by  non  reactive  processes.  The  signal  due  to 
the  reactive  process  appears  at  larger  scattering  angles.  Considering  figure 
7,  we  thus  conclude  that  no  reaction  is  observed  when  Na  is  in  either  states 
3S,3P  or  5S.  On  the  contrary  a  strong  reactive  signal  is  observed  with 
Na(4D). 

The  most  striking  feature  in  figure  7  is  the  absence  of  reaction  for 
the  level  Na(5S)  since  this  level  lies  only  1350  cm“l  below  the  reactive 
40  level.  This  indicates  that  the  symmetry  of  the  excited  state  orbital 
severely  controls  the  reaction. 
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The  second  striking  feature  in  figure  7  is  that  the  NaO  product  is 
backward  scattered  with  respect  to  the  Na  atoms.  This  suggests  that  the 
reaction  does  not  proceed  via  a  long  lived  complex  but  through  a  direct 
mechanism  with  colinear  approach.  This  is  a  very  interesting  and  unexpected 
aspect  in  the  dynamics  of  the  reactive  process  (2):  the  collision  Na  +  Oj 
is  expected  to  form  the  long  lived  complex  Na^  -  Oj  very  easily.  If 
the  reaction  (2)  were  going  through  such  a  complex,  the  angular  distribution 
of  NaO  would  not  be  so  much  backward  scattered  than  observed  in  figure  7. 
Therefore,  the  results  of  figure  7  imply  that  the  long  -  lived  complex  Na 
-  Oj  does  not  lead  to  the  reactive  process  (2),  but  to  non  -  reactive 
processes  (e.g.  intermultiplet  transitions  and  quenching).  This  point  has 
been  confirmed  by  a  recent  polarization  measurement  snowing  that  the 
reactive  process  (2)  is  favoured  when  the  4D  orbital  of  Na  is  aligned 
perpendicularly  to  the  relative  velocity  of  Na  and  Oj;  (  i.e.  when  the 
excited  valence  electron  of  Na  is  kept  away  from  the  Oj  molecule  in  order 
to  prevent  the  electron  transfer  )[34]. 

The  experimental  observations  of  figure  7  do  not  yet  receive  a 
theoretical  interpretation.  We  consider  they  are  interesting  enough  to 
motivate  such  an  investigation. 


4.  CONCLUSION 

We  hope  that  the  examples  reported  here  have  been  able  to  clarify  the 
respective  role  played  by  the  collision  energy  and  oy  the  rotational  energy 
of  the  molecular  perturber  in  inelastic  collisions  such  as  process  (1).  For 
instance,  for  collision  energies  larger  than  0.2  eV  (relative  velocity 
Rb-H2  >  4000  m/s),  the  rotation  of  the  molecule  plays  no  role  in  the 
intermultiplet  transfer  Rb(7S  -  50).  On  the  contrary,  for  lower  energies, 
the  molecular  rotation  can  have  a  very  important  effect  if  near  resonant 
conditions  are  fulfilled. 

Concerning  reactive  scattering,  we  have  seen  that  adding  energy  in  the 
form  of  electronic  excitation  into  the  atomic  partner  affects  the  reaction 
in  a  way  which  is  definitly  not  explained  by  simple  energy  balance 
considerations.  The  symmetry  of  the  excited  state  orbital  must  be  considered. 
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I.  INTRODUCTION 

In  a  collisional  process  involving  a  high-Rydberg  rare  gas  atom,  Rg**,  with  a 
target  molecule,  M,  the  outermost  electron  (Rydberg  electron)  of  Rg**  is  readily 
liberated  as  a  result  of  rotational  or  vibrational  de-excitation  of  M  (1).  This 
collisional  process  can  be  treated  as  a  scattering  of  a  free  electron  by  M;  here 
the  electron  is  postulated  to  have  a  momentum  and  an  energy  distribution 
identical  with  those  of  the  Rydberg  electron  bound  to  its  core  ion,  Rg"*".  When  M 
has  a  positive  electron  affinity,  one  expects  collisional  transfer  of  the 
Rydberg  electron  to  M,  that  is, 

M  +  Rg**  — +  M"  +  Rg*  (1) 

The  cross  section  for  this  process  is  governed  by  the  interaction  potential 
between  the  target  molecule  and  the  Rydberg  electron.  Typical  systems  such  as 
SF^-Rg**  (2)  and  CCl4-Rg**  (3)  have  been  studied  in  detail.  When  the  target 
molecule,  M,  has  a  negative  electron  affinity,  the  cross  section  for  process  (1) 
is  almost  zero,  partly  because  of  the  instability  of  M".  Even  in  such  a  case, 

M“  is  known  to  exist  in  the  liquid  phase  and,  therefore,  M"  may  be  stabilized  by 
charge-dipole  and/or  charge-induced  dipole  interactions  in  a  van  der  Waals 
cluster  of  a  certain  size,  In  this  case,  one  can  expect  that  the 

electron-transfer  cross  section  for 

(M)n  +  Rg**  — -  (M)-  *  Rg+  (2) 

is  sizable  and  increases  with  its  size,  n.  Process  (2)  is  probably  composed  of 
two  major  processes,  (a)  collisional  electron  transfer  from  Rg**  to  an  energy 
state  of  and  (b)  multiple  inelastic  collisions  of  the  transferred  electron 

inside  The  former  process  is  similar  to  process  (1)  and  is  often 

encountered  in  atomic  collisions,  while  the  latter  process  resembles  that  of 
electron  diffusion  in  the  condensed  phase.  In  other  words,  a  collision  process 
involving  a  cluster  can  be  treated  as  a  hybrid  of  those  encountered  in  atomic 
physics  and  in  solid  state  physics. 

The  kinetic  energy  of  the  Rydberg  electron  is  very  small  (-10  meV) ,  and  the 
attachment  cross  secion  is  expected  to  be  on  the  order  of  cm^  (1). 

Therefore,  collisional  electron  transfer  (process  (2))  can  be  used  for  gentle 
and  efficient  production  of  negative  cluster  ions  from  (M)^.  In  mass 
spectroscopic  studies  of  a  van  der  Waals  cluster,  it  is  desirable  to  maintain 
the  cluster  essentially  undisturbed  in  the  process  of  ionization  so  as  to 
obtain  information  on  the  parent  neutral  cluster.  The  cluster  is  always 
fragmented  when  it  is  ionized  before  detection  by  electron  impact,  which  is  used 
most  commonly  (4).  This  fragmentation  occurring  in  the  process  of  ionization 
tends  to  destroy  information  on  the  properties  of  the  neutral  cluster  and  on  the 
relaxation  processes  taking  place  in  the  cluster  during  the  ionization,  and 
always  introduces  additional  complexities  in  studies  of  clusters.  In  this 
connection,  the  collisional  ionization  with  Rg**  appears  to  have  a  unique 
advantage. 
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We  have  studied  colliaional  electron  transfer  from  Rg**  to  (M)^^  (M*C02»  OCS, 
CS2»  CH3CN,  SFg,  NO,  N2O,  C5H5N  (pyridine)  and  C5H5N+H2O  and  detected  a 
variety  of  negatively-charged  cluster  ions.  Many  cluster  ions  which  can 
scarcely  be  generated  by  conventional  techniques  have  been  found  to  be  produced 
with  high  efficiency.  Analyses  of  the  data  have  provided  the  vertical  electron 
affinities  of  the  clusters  and  information  on  the  relaxations  accompanied  by  the 
electron  transfer.  The  experimental  techniques  and  several  typical  examples  are 
described  in  the  following  sections.  The  method  of  RAI  is  compared  with 
several  other  methods  for  formation  of  negative  cluster  ions. 

II.  EXPERIMENTAL  TECHNIQUES 

A  schematic  diagram  of  the  apparatus  is  shown  in  Fig.l.  The  apparatus 
consists  of  a  supersonic  beam  source  with  four  stages  of  differential  pumping,  a 
triple-grid  ion  source  where  neutral  clusters  are  ionized,  a  quadrupole  mass 
spectrometer  with  a  negative  ion  detector  and  a  CAMAC  system  based  on  an  LSI- 
11/23  computer. 


Fig.  1 

A  schematic  diagram  of  the  apparatus  used. 

N:  nozzle,  S:  skimmer,  C:  collimator,  IS;  ionization  source,  IL:  lens, 
QP:  quadrupole  mass  spectrometer,  IC;  ion-conversion  dynode,  D:  detector 


1.  Cluster  Beam  Source 

The  beam  source  consisted  of  a  sonic  nozzle  having  a  thin  platinum  aperture 
and  a  Beam  Dynamics  skimmer  with  the  smallest  opening  of  0.31  mm  diameter;  the 
nozzle-skimmer  distance  was  externally  adiusted  to  be  typically  5  mm.  The 
nozzle  orifice  had  a  diameter  of  50  'jm  and  a  channel  length  of  0.2  mm.  A  sample 
gas  was  seeded  in  either  H2  or  He  gas  with  a  stagnation  pressure  of  2000-2500 
Torr,  while  the  nozzle  temperature  was  maintained  at  293  K.  A  gas  inlet  system 
made  of  stainless  steel  was  baked  in  vacuo  before  use.  The  seeded  gas  was 
expanded  through  the  nozzle  into  a  nozzle-exhaust  chamber  and  a  cluster  beam  was 
formed.  The  chamber  pressure  did  not  exceed  10"^  Torr  when  the  beam  was 
admitted.  The  partial  pressure  of  the  sample  gas  used  was  adjusted  so  as  to 
maximize  the  intensity  of  the  positive  dimer  ion  produced  by  electron  impact. 

The  clusters  in  the  supersonic  jet  were  sampled  through  the  skimmer  into  a 
collision  chamber  of  lO'^-lO”^  Torr,  and  then  introduced  into  a  reaction  chamber 
where  a  concentric  triple  grid  ion  source  was  placed. 

2.  Ionization  Source 

The  clusters  were  ionized  in  the  triple-grid  ion  source.  The  source  had  a 
housing  with  20  mm  length  and  60  mm  diameter,  in  which  three  concentric 
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cylindrical  grids  and  filaments  were  mounted  as  shown  in  Fig. 2.  The  grids 
Gg  and  G(;  were  made  of  SO-miesh  stainless  steel.  The  central  region  surrounded 
by  was  20  mm  in  length  and  10  mm  in  diameter.  All  grids  were  insulated  by 
ruby  balls  of  3  mm  diameter.  The  housing  was  isolated  from  the  grids  by 
steatite  spacers.  Four  pieces  of  helical  filaments  made  of  thoriated  tungsten 
wire  of  0.15  mm  diameter  formed  a  regular  square.  A  typical  filament  wattage 
was  5A  X  7V.  The  cluster  beam  passing  through  the  central  region  was  ionized 
either  by  impact  of  Rg**  or  by  electron  impact.  Rare  gas,  Rg(Ar  or  Kr),  with 
99.95%  purity  was  excited  in  the  exterior  of  Gg  by  50  eV-electrons .  Ionic 
species  and  electrons  were  deflected  back  by  application  of  appropriate 
potentials  to  the  three  grids  so  that  only  neutral  species  including  Rg**  were 
allowed  to  enter  the  central  region.  The  pressure  in  the  ion  source  was 
evacuated  to  1  x  10“^  Torr.  When  the  rare  gas  was  admitted,  the  pressure 
increased  to  3  x  10“^  Torr.  The  principal  quantum  numbers,  np,  of  Rg**  were 
estimated  to  range  from  25  to  35:  Rg**  with  np  >  35  were  ionized  by  the  field  of 
430  V/cm  between  Gy^  and  Gg,  and  Rg**  with  np  <  20  could  not  reach  the  central 
region  because  of  their  short  radiative  lifetimes. 


Fig*  2 

A  Schematic  diagram  of  the  ion  source. 
The  three  concentric  grids,  G^,  Gg,  and 
Gq  are  installed  for  preventing  charged 
species  from  penetrating  into  the 
central  collision  region. 


The  following  observations  indicated  that  the  observed  negative  ions 
originated  from  the  electron  transfer  from  Rg**  to  the  clusters  by  collision! 

(a)  The  signal  intensity  depended  linearly  on  the  pressure  of  Rg,  (b)  started  to 
rise  at  the  threshold  energy  of  Rg**,  and  (c)  diminished  almost  completely  by 
application  of  "■  400  V  between  Gp^  and  GgJ  this  observation  was  interpreted  as 
the  field  ionization  of  Rg**  at  1.3  kV/cm.  Figure  3  shows  that  the  negative  ion 
spectrum  obtained  from  the  CHgCN  cluster  by  Ar**  impact  is  almost  identical  with 
that  by  Kr**  impact.  By  proper  selection  of  the  potentials  applied  to  the  three 
grids,  electrons  with  an  average  energy  of  '  were  admitted  into  the  central 
region,  where  the  cluster  beam  was  bombarded  by  the  electrons.  ■"  was  estimated 
from  the  difference  between  the  potential  of  G^  and  that  of  the  filaments. 

3.  Mass  Selection  and  Detection  of  Ions 

The  negative  cluster  ions  thus  produced  were  extracted  through  an  entrance 
slit  into  a  quadrupole  mass  spectrometer  (Extranuclear ,  162-8)  installed  in  a 
detection  chamber,  where  the  pressure  was  approximately  5  x  10”^  Torr  when  the 
ion  beam  was  admitted.  The  mass-selected  ions  were  detected  by  a  Ceratron 
(Nurata)  equipped  with  an  ion  conversion  dynode  made  of  a  stainless-steel  disk 
of  22  mm  diameter  placed  perpendicularly  to  the  beam  axis.  The  time  of  flight 
between  the  ion  source  and  the  Ceratron  was  20-100  ys  for  the  ions  studied.  The 
dynode,  by  which  the  negative  ions  were  converted  to  positive  ions  before  the 
detection,  was  found  to  improve  the  signal-to-noise  ratio  by  three  orders  of 
magnitude.  Tlie  maximum  mass  of  the  analyzed  ions  was  m/z  1650,  and  the  mass 
resolutions  were  about  10^  at  m/z  146  and  about  300  at  m/z  1460.  The  trans¬ 
mission  and  detection  efficiencies  of  the  mass  spectrometer  were  calibrated  by 
the  known  fragmentation  patterns  of  the  positive  and  negative  ions  produced  from 
per fluorokerosene  (PFK)  by  electron  impact  (5).  The  mass  numbers  were 
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calibrated  by  the  fragment  iona  of  PFK  below  ra/z  800  and  by  the  cluster  ions  of 
CO2  above  m/z  800.  The  measurement  and  the  data  acquisition  were  controlled  by 
a  Canberra  #30  multichannel  analyzer  and  a  CAMAC“crate-~mounted  LSI-11/23 
microcomputer.  The  intensity  of  a  mass-selected  ion  was  determined  by  the  area 
of  the  peak  in  the  calibrated  mass  spectrum.  The  reproducibility  of  the 
intensity  was  better  than  10%  over  a  period  of  several  I.r*ur8.  Background 
noises  were  negligibly  small  in  the  spectrum  obtained  by  electron  impact  while 
dark  counts  for  Rg**  impact  were  15-20  cpm. 

III.  EXPERIMENTAL  CHARACTERISTICS  OF  NEGATIVE  CLUSTER-ION  FORMATION 

When  Rg**  or  electrons  are  allowed  to  collide  with  a  cluster  with  a  size  n, 
(M)n  (M=C02,  OCS,  CS2,  CH3CN,  SFg,  NO,  N2O,  C5H5N  and  C5H5N+H2O) ,  negatively 
charged  cluster  ions  are  produced  as  summarized  in  Table  1. 


Table  1 


M 

observed  in  (RAI) 

observed  ion  (El) 

”l 

CO2 

(C02),; 

7 

(C02)™ 

3 

ocs 

(OCS); 

2 

no  data 

CS2 

(CS2); 

1 

(CS2); 

1 

S(CS2)„  - 

0 

CH3CN 

(CH3CN); 

10 

(CH3CN)- 
(very  weak) 

- 

SF6 

(SF6)„- 

1 

(SF6)5 

1 

SF5 

N02(N203); 

0 

N02(N203)„  - 

0 

NO 

N03(N203)„  - 

0 

N03(N203)„  - 

0 

N204(N203)„  - 

0 

N204(N203)n 

0 

N2O 

(N2O); 

10 

o(H20); 

6 

0(N20)„  - 

0 

C5H5N 

(C5H5N); 

U 

(C5H5N); 

4 

C5H5N+H2O 

(C5H5N)„(H20)„. 

tn-hn'*4 

(C5H5N)„(H20)„- 

in'Hn'*4 

(C5H5N)3(H20),5  - 

(C5H5N)3(H20)ij  - 

(the  most  abundant) 

(the  most  abundant) 

ISksA 

lsks4 

1.  Negative  Ion  Formation  by  Rydberg  Atom  Impact  (RAI) 

In  all  the  clusters  studied  except  for  those  of  NO  and  N2O,  the  dominant 
product  ions  are  as  exemplified  in  Pigs. 3  and  4.  These  spectra  have  the 

following  common  features:  (a)  The  spectra  obtained  by  use  of  different  rare 
gases  are  almost  identical  (see  Fig. 3).  (b)  The  intensity  of  (M)^  rises  at  a 
threshold  size,  m.  ,  increases  with  increasing  m,  passes  through  a  broad  maximum 
at  about  *na  falls  off  gradually,  (c)  Several  outstanding  peaks  are 

discernible  at  mjij  (magic  numbers),  (d)  A  depletion  region  (11  <  m  5  13)  is 
found  in  the  spectrum  of  (C02)jJ  (see  Fig. 4). 
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Fig.  3 

The  mass  spectra  of  (CH3CN)*  produced  from  (CH3CN)^  in  collision  with  Kr** 
(upper  panel)  and  Ar**  (lower  panel)* 


Fig.  A 

The  mass  spectra  of  (M)j55  (M*C02,  OCS  and  CS2)  from  (M)p  produced  by  Kr** 
impact • 
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HBHH 

1 

II 

■ 

500  ,  ,  lOCO 

MASS  NUMBER  (m/e) 


Fig^  5 

The  raaes  spectrum  of  the  product  ions  form  in  collision  with  Kr**. 


On  Che  other  hand,  the  clusters  of  NO  and  N2O  are  dissociati vely  ionized,  and 
[N02(N203)j„]",  IN03(N203)j,j]~  and  IN0204(N203)^)*’  are  generated  from  (NO)^^,  while 
[CN20)^0I'"  in  addition  to  a  small  amount  of  (N20)JJ  are  generated  from  (N20)j^. 

As  an  example,  the  spectrum  for  (NO)j.|  is  shown  in  Fig, 5.  The  spectra  for  (NO)^ 
and  (N20)f^  both  exhibit  features  similar  to  those  mentioned  above  ((a)“(c)). 
Especially  in  the  C5H5N+H2O  cluster  system,  (C5H5N)j^(H20)^j,' ]*  detected  for 

Furthermore,  the  intensity  of  the  negat ive  ions  have  ^  maximum  value  at 
m‘+TO*5-7,  as  shown  in  Fig. 6. 

2,  Negative  Ion  Formation  by  Election  Impact  (El) 

In  comparison  with  the  ionization  by  RAl,  the  present  El  ionization  reveals 
the  following  properties  common  to  all  the  cluster  systems  investigated:  (e)  The 
cross  sections  for  the  negative  ion  formation  by  El  are  of  those  by 

RAI,  For  example,  (CH3CN)"  is  not  efficiently  produced  by  El  on  (CH3CN)j^.  ( f ) 
Fragmentation  associated  with  bond  rupture  of  the  component  molecule  occurs 
extensively  in  the  EX  ionization,  as  is  shown  in  Fig,7,  In  the  cases  of  CO2, 
DCS,  CS2  SF5,  (g)  the  size  distributions  given  by  El  are  found  to  be 
significantly  different  from  chose  by  RAI.  Figure  8  shows  an  example,  where  the 
size  distributions  of  (C02)jjj  for  El  and  RAI  are  given.  Ions  with  smaller  sizes 
tend  to  be  more  populated  in  the  El  ionization  and  the  magic  numbers  in  the 
spectra  for  El  differ  from  those  for  RAI.  (h)  In  the  cases  of  NO,  N2O,  C5H5N 
and  C5H5N+H2O,  on  the  other  hand,  the  size  distributions  of  the  product  ions 
given  by  El  are  found  to  be  almost  identical  in  shape  with  those  given  by  RAI, 

IV,  IONIZATION  PROCESSES  BY  RYDBERG  ATOM  IMPACT 
1.  Two-Step  Mechanism 

The  collisional  ionization  of  a  cluster  with  Rg**  can  be  accounted  for  in 
terms  of  a  two'^step  mechanism,  that  is. 
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The  size-distribution  of  a  hydrated  pyridine  cluster  anion,  (Ci;H^N)„( HjO)"* 
produced  from  (C5H5N)j,( H20)|, •  in  collision  with  Kr**. 


(  C  S  2  )  n 


(CS2)m*  Ar* 


n 


(CS2)n  ♦  e(5ev)—  (  CS2)m  ,  (CS2)m  S 

(  C  S  2  )m"  S2  ,  etc. 


Fig.  7 

Comparison  of  the  mass  spectrum  of  (CS2)"  produced  by  RAI  with  that  by  El. 
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m=1  5  10  15  20  25  30  35 

Fig.  8 

The  size-distribution  of  (CO2 Ij^produced  by  RAI  in  comparison  with  that  by  El, 


(M)n  +  Rg**  -  (M)-*  +  Rg+  (3) 

(M)-  (M)'  +  (n-m)M  (4) 

(M)n  inCraclusCer  atomic  rearrangement  (4)’ 

In  process  (3),  the  Rydberg  electron  of  Rg**  having  a  kinetic  energy  of  -10  meV 
is  transferred  to  an  extended  electron  affinity  state  of  (M)p  which  retains  its 
original  geometry.  The  transferred  electron  in  the  extended  state  transmits  its 
energy  efficiently  to  the  vibrational  modes  of  the  cluster  (6)  and  is 
successively  trapped  into  one  component  molecule.  The  energy  released  by  the 
trapping  is  removed  by  evaporating  n-ra  ("p)  moiecules  of  M  (process  (4)),  In 
some  cases,  the  cluster  ion,  (M)JJ*,  is  excited  in  a  repulsive  state  and 
fragmented  into  specific  cluster  ions  (process  (4)').  As  argued  in  the 
following  sections,  the  electron  relaxation  in  the  cluster  varies  cluster  to 
cluster  depending  on  the  properties  of  the  component  molecule. 

2.  Non-Evaporative  Ionization 

In  the  case  of  the  SF^  cluster,  the  excess  energy  released  is 

estimated  to  be  so  insignificant  that  the  cluster  does  not  seem  to  evaporate 
sLzably  as  argued  below.  When  the  Rydberg  electron  is  attached  to  (SF^)^,  the 
electron  is  trapped  in  a  particular  SFg  molecule  to  form  a  vibrationally  excited 
SFg  (1).  Its  vibrational  energy  is  approximately  0.5  eV  which  is  the  electron 
affinity  of  SF^  (7).  This  energy  is  transmitted  to  the  intermolecular  motions 
of  the  surrounding  SF^,  namely,  the  vibration  of  van  der  Waals  bonds  within  1  ns 
(8),  and  hence  the  effective  temperature  of  the  cluster  ion  is  increased.  In  a 
typical  case  for  n*5,  the  effective  temperature  rise,  AT,  amounts  to  about  180 
K,  because  15  intramolecular  modes  of  SF^  and  24  intermolecular  modes  of  the 
cluster  are  expected  to  take  part  In  the  energy  dissipation.  This  AT  decreases 
with  the  size,  n.  Since  the  effective  boiling  temperature  at  which  evaporation 
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becomes  appreciable  is  estimated  to  be  higher  than  210  K,  which  is  the 
sublimation  temperature  of  solid  SF^  (9),  it  is  unlikely  that  substantial 
evaporation  participates  in  the  ionization  of  (SF^)^(n=5)  by  RAI.  This  argument 
is  also  valid  in  the  case  of  (CH3CN)|^.  The  released  energy  is  estimated  to  be 
about  1.5  eV,  the  sublimation  energy  of  the  monomer  anion  in  the  cluster,  which 
is  calculated  on  the  assumption  of  the  charge-dipole  interaction  between  the 
anion  and  its  solvated  core.  In  this  case,  AT  is  at  most  300  K  *^or  n“13  and  is 
probably  below  the  effective  boiling  temperature  of  (CH3CN)^  expected  from  the 
well  depth  of  the  Lennard-Jonea  potential  of  CH3CN  (10).  Accordingly,  no 
significant  evaporation  takes  place.  The  magic  numbers  at  m>^*13,  16,  19,  23,  26 
and  29  (see  Fig. 3)  may  be  related  to  the  stability  of  the  neutral  cluster. 
However,  this  conclusion  is  not  definitive  since  even  a  small  amount  of 
evaporation  possibly  alters  the  size  distribution.  Similar  arguments  can  be 
applied  to  (C5H5N)n  and  again  these  clusters  are  considered  to  be  non- 
evaporative  in  the  ionization  processes,  since  AT  is  about  300  K  for  (C5H5N)5 
while  the  boiling  point  of  C5H5N  is  388  K, 

3.  Evaporative  Ionization 

The  depletion  region  observed  in  the  (002)^  spectrum  (see  Fig. 4)  is 
ascribable  to  the  evaporation  of  CO2  from  the  initial  cluster  ion,  (003)^“  ,  as 
described  below.  The  energy  released  in  process  (4)  could  be  as  much  as  3.5  eV, 
the  difference  in  energy  between  002”  in  the  linear  and  the  bent  configurations 
(11,  12).  In  a  typical  cluster  with  n®13,  this  energy  difference  corresponds  to 
an  effective  temperature  of  about  900  K,  which  is  well  above  the  temperature 
range  where  the  evaporation  rate  becomes  appreciable  (13).  Therefore, 
evaporation  is  certain  to  occur.  p(=n-m)  can  be  regarded  as  a  constant  value, 
pQ,  because  the  temperature  rise  is  not  strongly  dependent  on  n.  However,  p 
becomes  conspicuously  small  for  m^  <n<mnf+pQ,  since  the  evaporation  ceases  when  a 
distinctly  stable  cluster  ion,  happens  to  be  formed  during  the 

evaporation.  This  sudden  decrease  of  p  gives  rise  to  a  depletion  region  iust 
below  having  a  width  of  in  the  spectrum;  with  boils  off  p^ 

molecules  of  CO2.  On  the  other  hand,  no  ions  are  produced  by  dissociation  from 
higher  cluster  ions  in  "he  depletion  region  because  of  the  presence  of  (M)(Jj^. 
Since  mM*14  and  16  and  the  size  gap  of  the  depletion  region  is  3  (finding  (a)), 
one  can  conclude  that  at  least  4  molecules  of  CO2  are  evaporated  in  process  (4). 

In  the  case  of  (CS2)n>  ovir  study  on  the  dependence  of  the  stagnation  pressure 
of  the  ion  signals  shows  that  one  molecule  of  CS2  is  eliminated  in  process  (4) 
(2ln<7),  that  is,  p®l  (4).  On  the  other  hand,  (OCS)j^  exhibits  intermediate 
characteristics  between  those  of  the  other  clusters  probably  because  of  its 
intermediate  nature  between  CO2  and  CS2;mx.*^  evaporation  of  2  or  3 

molecules  evidenced  by  a  gentle  rise  of  the  intensity  in  the  threshold  region. 

4.  Dissociative  Ionization 

The  ionization  of  the  NO  and  N2O  clusters  by  RAI  can  be  explained  by  a  series 
of  intracluster  atomic  rearrangements  (process  (4)*),  where  N2  molecules  are 
ejected  from  the  initially  formed  cluster  iou,  (M)^  (M*N0  and  N2O) .  In  the 

case  of  NO,  atomic  rearrangements  occur  among  NO  molecules  in  the  cluster  when 
it  is  negatively  charged  by  electron  transfer  from  Rg**.  It  is  conceivable  from 
the  observed  product  ions  (see  section  2  of  Chapter  HI)  that  the  intracluster 
atomic  rearrangements  proceed  via  the  following  processes: 


(NO)n  +  Rg**  ^  N0-*(N0)n-i  ♦  Rg* 


(Electron  Transfer)  (5) 


N0-*(N0)n.i 


xnfiY2(NO)n-4 

Y=N02,  (I2 

Y-N0,N2 

Y-N2 


(Formation  of  Center  Ion)  (6) 
(X-=N02) 

(X-=N03) 

(X"»N204) 


X-YiY2(N0)n_4 


X"YiY2(N2)  ^(N203)i5(N0)  1  (Formation  of  N2O3) 


(7) 
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X-YiV2(N2) 

^  X“(N203)^^  +  Yj  +  Y2  +  jN2  +  INO  (Evaporation  of  Molecules)  (8) 

In  the  evaporation  process  (process  (8)),  the  N2O3  ligands  are  left  in  the 
charged  cluster  probably  because  the  dipole  mcment  and  polarizability  of  N2O3 
are  the  largest  among  other  species,  N2,  NO  and  NO2,  so  that  N2O3  is  held  by  its 
center  anion  most  firmly. 

In  the  case  of  N2O,  a  dissociative  ioni2.ution  with  an  intramolecular  bond 
rupture  and  a  simple  evaporative  ionization  seem  to  proceed  simultaneously;  the 
former  and  the  latter  give  [(N20)^01”  and  (N20)j^,  respectively.  In  the  former 
case,  the  excess  energy  in  the  initial  ion,  (N20)n  ,  is  carried  away  by  the 
ejection  of  N2,  and  hence  no  significant  evaporation  of  N2O  is  conceivable.  In 
ocher  words,  (N20)j|  is  dissociatively  ionized  to  be  { (N20),,-l0) The  latter 
process  is  similar  to  chose  of  CO2  etc.  (N20)n*  is  formed  by  vertical  electron 
transfer  from  Rg**  and  is  then  stabilized  by  trapping  the  Rydberg  electron  in  a 
particular  N2O  in  a  bent  configuration  (14),  It  is  highly  likely  that 
evaporation  is  followed  by  the  electron  transfer. 

5.  Vertical  Electron  Affinities  of  Che  Clusters 

In  a  cluster  whose  monomer  unit  has  negative  vertical  electron  affinity,  the 
negatively  charge  cluster  ion  starts  to  appear  at  a  threshold  size  below  which 
no  ion  is  foimed  (see  Table  1).  On  the  basis  of  the  two-step  mechanism,  the 
cluster  size  beyond  which  the  vertical  electron  affinity  of  the  cluster  turns 
Co  be  positive  can  be  estimated  from  the  observed  values  and  the  p(=n-m) 
values.  That  is,  is  given  by  the  sum  of  p  and  The  values  thus 

obtained  are  listed  in  Table  2.  Here,  in  the  ionization  of  the  N2O  cluster,  it 
is  postulated  that  f  (N20)j^-i0j  “  is  produced  via  (N20)J5*. 

V,  Comparison  with  Other  Ionization  Processes 

Thermal  electrons  also  attach  to  the  neutral  clusters  investigated  (see 


Table  2 

M 

"Y 

p(  n-m) 

"l 

CO2 

7 

4 

11 

ocs 

2 

2-3 

4-5 

CS2 

1 

1 

2 

SF6 

10 

0 

10 

NO 

- 

- 

- 

N2O 

6 

1 

7 

C5H5N 

4 

0 

7 

C5H5N+H2O 

4* 

0 

4 

*  (C5H5N)^(H20)n,»  "  starts  to  appear  for  ra+m*  4, 


Chapter  lit).  Similar  studies  are  also  reported  by  other  groups  (15).  The  two- 
step  mechanism  appears  to  operate  in  the  El  ionization  on  the  basis  of  the 
results  given  in  Chapter  III  and  the  reported  results.  In  the  case  of  El,  the 
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kinetic  energy  of  the  incoming  electron  is  so  much  larger  that  the  attachment 
cross  section  (similar  to  process  (3))  should  be  smaller  and  the  relaxation 
(process  (4)  or  (A)*)  should  be  more  extensive.  Indeed,  the  cross  sections  for 
the  production  of  the  negative  ions  are  found  to  be  three  to  four  orders  of 
magnitude  smaller  than  those  for  RAI  (see  feature  (e)  in  Chapter  III).  The  size 
distributions  given  by  El  differ  from  those  by  RAI  (see  feature  (g)  or  Fig.  8), 
probably  because  a  larger  amount  of  evaporation  from  the  clusters  owing  to 
the  collision  with  the  energetic  electrons.  The  extensive  relaxation  in  the  El 
ionization  is  also  evidenced  in  the  mass  spectra  in  which  many  fragmented  ions 
are  observed  (see  feature  (f)). 

It  is  reported  recently  that  electron  attachment  to  a  weakly  bound  molecular 
cluster  has  been  carried  out  by  using  endoergic  electron  transfer  between  an 
alkali  metal  and  the  cluster  (16).  In  this  collisional  transfer,  the  electron 
jump  occurs  in  the  strong  transient  Coulombic  field  of  the  departing  alkali 
cation  and  hence  is  proved  to  be  adiabatic  at  least  for  the  dimer.  However,  the 
adiabatic  electron  attachment  is  not  permitted  for  clusters  larger  than  dimers. 

Low  energy  electrons  emitted  from  a  metal  surface  thermoionically  or  by 
photon  impact  are  injected  into  a  condensation  zone  of  a  supersonic  expansion. 
Negative  ions,  (H20)JJ  and  (NH3)J^,  are  detected  under  conditions  where  neutral 
H2O  and  NH3  clusters  are  grown  (IV).  This  method  is  powerful  for  growing 
ad iabat ical ly  negative  cluster  ions  which  are  otherwise  difficult  to 
produce  •  The  attachment  proceeds  under  a  multiple  collision  condition  so  that 
the  cluster  ions  thus  produced  are  relaxed  and  do  not  carry  information  on  the 
corresponding  neutral  clusters.  This  ionization  is  particularly  useful  for  the 
studies  of  thermodynamical  properties  of  negative  cluster  ions.  Swarm 
experiments  can  also  be  classified  into  multiple  collision  types  of  studies 
which  are  reviewed  in  the  same  proceeding  (18). 

In  comparison  with  these  techniques,  the  method  of  RAI  is  particularly 
suitable  for  dynamical  studies  of  the  electron  capture  processes  to  weakly-bound 
systems,  such  as  van  der  Waals  clusters.  The  Rydberg  electron  having  a 
subthermal  energy  is  expected  to  perturb  the  clusters  in  a  much  lesser  amount, 
as  argued  in  the  previous  sections. 

VI. Future  Prospects 

The  method  of  a  gentle  and  efficient  production  of  the  negative  cluster  ions 
achieved  in  the  present  study  provides  an  opportunity  to  study  the  dynamics  of 
electron  attachment  processes  to  weakly  bound  systems  such  as  van  der  Waals 
clusters.  In  order  to  gain  further  insight  into  the  ioni’iation  processes,  more 
elaborate  experiments  should  be  undertaken.  First  of  all,  the  cross  sections 
for  the  production  of  cluster  ions  should  be  measured  as  a  function  of  the 
cluster  size,  n,  and  the  principal  quantum  number,  np.  It  is  also  essential  to 
obtain  internal-state  distributions  of  the  cluster  and  to  determine  more  exact 
numbers  of  molecules  evaporated  in  the  ionization.  A  cluster  beam  with  a  narrow 
size  distribution  is  necessary  in  any  case. 

From  a  theoretical  point  of  view,  the  two-step  model  can  be  treated  by  a 
similar  technique  utilized  in  electron  scattering  by  a  solid  surface,  and  a 
size-dependence  of  the  attachment  cross  sections  can  be  estimated  (19). 
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STATE  SELECTED  ION-MOLECULE  REACTIONS  BY  TESICO 


Inosuke  KOYANO,  Kenichiro  TANAKA,  and  Tatsuhisa  KATO 
Institute  for  Molecular  Science,  Myodaiji,  Okazaki  444,  Japan 


Some  recent  results  are  reported  for  the  state  selected  ion-molecule  reac¬ 
tions  obtained  using  the  TESICO  (Threshold  Electron  -  Secondary  Ion  Coinci¬ 
dence)  technique.  Reactions  studied  include  both  charge  transfer  and  rear¬ 
rangement  ones,  and  the  states  selected  range  over  vibrational  and  vibronic 
states  of  diatomic  ions,  vibrational  states  of  polyatomic  ions,  and  spin- 
orbit  states  of  rare  gas  atomic  ions.  As  prototypal  examples,  the  results 
on  the  following  reactions  are  presented  and  discussed  in  some  detail: 

H2^{v)  +He  +  HeH'^  +  H;  02^{v)  +  N2  -  N2^  +  02^  N2'^{X^i:g,  v;  A  ,  v)  +  D2  -  N2  +  02'"; 
02^  ( V )  +  CH4  CH302'^  +  H ,  CH3''  +  HO2 ,  CH^'^  +  O2 ;  C2H^''  ( V2 ,  )  +  C2H4  -  +  CH3 . 

1.  INTRODUCTION 

It  is  more  than  ten  years  since  the  exciting  new  field  known  as  state- to- 
state  chemistry  was  opened  up  in  chemical  dynamics  (1,2).  This  was  evidently 
brought  about  with  the  advent  of  new  chemical  and  tunable  lasers  which  can  pre¬ 
pare  reagents  in  specific  internal  states  (3,4)  or  identify  internal  states  of 
nascent  reaction  products  (3,5).  However,  the  laser  technique  has  severe  limi¬ 
tations,  especially  when  applied  to  the  state  selection  of  reagent  molecules. 

The  wavelength  range  covered  by  a  single  laser  is  highly  limited  and  thus  no 
single  laser  can  excite  molecules  successively  to  a  series  of  internal  states  of 
interest  ranging  over  wide  energies.  Also,  different  lasers  are  needed  for  dif¬ 
ferent  molecules.  Moreover,  the  laser  technique  is  not  a  direct  one.  Informa¬ 
tion  on  a  state  selected  process  is  usually  deduced  indirectly  by  subtracting  a 
measured  number  from  another,  neither  of  them  being  a  quantity  belonging  to  the 
single  state  in  question.  Furthermore,  these  two  numbers  are  usually  obtained 
in  two  "experiments",  i.e.,  these  are  not  obtained  from  simultaneous  measure¬ 
ments  on  the  same  system.  Thus  slight  changes  in  experimental  conditions  be¬ 
tween  the  two  experiments  often  cause  serious  error  in  the  final  results  ob¬ 
tained,  since  very  small  signal  changes  are  dealt  with  in  these  experiments. 

For  these  and  other  reasons,  the  number  of  molecules  or  states  studied  with  the 
laser  technique  has  not  been  so  many  as  expected  at  the  beginning. 

In  ion-molecule  reactions,  selection  of  reagent  internal  states  is  possible 
based  on  a  completely  different  principle.  Ions,  when  produced  from  parent 
molecules  by  photoionization,  generally  populate  all  energetically  accessible 
internal  states  and  the  emitted  photoelectrons  carry  the  information  on  the  in¬ 
ternal  state  of  the  corresponding  ion.  This  very  fact  enables  us  to  study  re¬ 
actions  of  ions  in  each  of  these  populated  states  separately  and  directly. 
Namely,  by  measuring  reactant  and  product  ions  in  coincidence  with  photoelec¬ 
trons  of  a  particular  kinetic  energy,  we  can  selectively  detect  only  the  react¬ 
ant  ions  in  a  single  internal  state  and  the  product  ions  produced  from  reactant 
ions  in  that  state. 

Seven  years  ago,  we  took  this  advantage  to  develop  a  technique  named  TESICO 
(Threshold  Electron  -  Secondary  Ion  Coincidence)  for  the  study  of  state  selected 
ion-molecule  reactions.  Ever  since  the  technique  has  successfully  been  applied 
to  the  selection  of  vibrational  and  vibronic  states  of  diatomic  ions, 
vibrational  states  of  polyatomic  ions  (including  multi-mode  cases),  and  spin- 


530 


/.  Koyano  et  al. 


orbit  states  of  rare  gas  atomic  ions,  thus  proving  to  be  very  versatile.  In  the 
present  paper,  we  present  and  discuss  some  recent  representative  results 
obtained  with  this  technique. 


2.  EXPERIMENTAL 

The  apparatus  which  we  constructed  for  these  purposes  is  nicknamed  TEPSICO 
and  has  been  described  in  detail  (6,7).  It  consists  of  six  major  parts,  as 
shown  schematically  in  Figure  1:  a  helium  Hopfield  continuum  light  source  (LS), 
a  1  m  Seya-Naraioka  vacuum  monochromator  (M),  an  ionization  chamber  (I),  a 
reaction  chamber  (R),  a  hemispherical  electrostatic  electron  energy  analyzer 
(EA),  and  a  quadrupole  mass  spectrometer  (Q),  these  being  assembled  together  via 
a  six-stage  differential  pumping  system. 

The  primary  ions  A  and  corresponding  electrons  are  produced  in  the  ioniza¬ 
tion  chamber  I  by  photoionization  of  parent  molecule  A  by  the  monochromatic 
vacuum  ultraviolet  radiation  from  M.  The  ions  and  electrons  are  repelled  out  of 
the  chamber  in  directions  perpendicular  to  the  incident  photon  beam  and  opposite 
to  each  r  r.  The  electrostatic  electron  energy  analyzer  EA,  together  with  the 
straight  ,.;ction  L,  which  serves  as  a  steradiancy  analyzer,  selects  threshold 
electrons  from  those  having  finite  kinetic  energies  and  allows  them  to  pass  to 
the  channel  multiplier.  The  ions,  on  the  other  hand,  are  extracted  from  the 
ionization  chamber,  formed  into  a  beam  of  desired  velocity  by  a  lens  system  L,, 
and  focused  into  t^e  reaction  chamber  R,  where  they  react  with  neutral  molecule 
B.  Product  ions  C  ,  as  well  as  unreacted  primary  ions,  are  extracted  from  the 
reaction  chamber  in  the  same  direction  as  the  primary  ion  beam,  mass-analyzed  by 
a  quadrupole  mass  spectrometer  Q,  and  detected  by  another  channel  multiplier. 
These  ion  signals  are  then  counted  in  coincidence  with  the  threshold  electron 


FIGURE  1 

Schematic  diagram  of  the  TEPSICO  apparatus.  LS;  light  source; 

M;  monochromator;  I:  ionization  chamber;  R:  reaction  chamber; 

Q:  quadrupole  mass  spectrometer;  EA:  electron  energy  analyzer; 
P1-P6:  pumping  ports;  L1-L4:  lens  systems  for  electrons  and  ions. 
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signals  using  a  standard 
technique  involving  a  time - 
to -pulse  hight  converter  and 
a  multichannel  analyzer. 

In  some  of  the  studies, 
the  above  threshold  electron 
analyzer  was  replaced  by  a 
non  -  1  ine  -  of  -  sight 
steradiancy  analyzer  (8)  of 
our  own  des  gn.  Its  schematic 
is  shown  ii.  Figure  2.  This 
analyzer  was  found  to  give  4- 
5  time  more  intense  threshold 

electron  signals  than  the  Non  Line-of-Sight 

above  one,  although  the  res-  Sterodiency  Analyser 

olution  is  somewhat  lower. 

Some  reactions  with  very  small 
cross  sections  could  be  FIGURE  2 

studied  only  with  this  ana-  Schematic  diagram  of  the  non-1 ine-of-sight 

lyzer.  steradiancy  analyzer. 

In  preparing  and  selecting 

a  series  of  internal  states  successively,  the  threshold  electron  method  with 
variable  -  wavelength  light  source  as  adopted  here  has  several  advantages  over 
the  method  involving  fixed  -  wavelength  light  (e.g.584A)  and  analysis  of  ener¬ 
getic  electrons.  First,  ^^-e  collecting  efficiency  for  threshold  electrons  is 
much  higher  than  that  for  nergetic  electrons  and,  in  addition,  do  not  suffer 
the  effect  of  different  angular  distributions  for  different  photoelectrons. 
Second,  we  do  not  have  to  calibrate  for  the  transmission  coefficient  of  the 
analyzer,  which  is  a  function  of  energy  of  electrons  to  be  transmitteo.  Third, 
in  the  threshold  photoionization,  we  can  often  produce  ions  efficiently  in 
those  states  that  are  not  attainable  in  the  fixed  wavelength  photoionization 
because  of  unfavorable  Franck  -  Condon  factors.  This  is  possible  through  auto¬ 
ionization  from  near  -  resonant  neutral  excited  states,  which  very  often  occur 
even  with  diatomic  molecules.  Such  examples  are  given  in  the  next  section. 


3.  THRESHOLD  ELECTRON  SPECTRUM  AND  THE  APPLICABILITY  OF  THE  TECHNIQUE 

The  TESICO  technique  is  versatile  in  the  context  that  it  is  applicable  to  any 
state  of  any  ion  provided  the  state  is  resolved  in  the  threshold  electron  spec¬ 
trum  (TES).  Thus  the  TES  characteristics  are  the  most  important  factor  in  dis¬ 
cussing  the  applicability  of  the  technique  to  a  particular  internal  state.  In 
this  section,  we  present  some  examples  of  threshold  electron  spectrum  to  show  a 
variety  of  internal  states  that  can  be  studied  with  this  technique. 

As  an  example  of  diatomic  ions,  we  first  show  in  Figure  3  a  TES  of  N„,  taken 
with  energy  resolution  of  the  analyzer  of  -ulAmeV  (FWHM)  and  a  photon  bandwidth 
of  0.5A(FWHM)  (9).  As  is  usual  with  the  moderate  resolution  photoelectron 
spectra  of  diatomic  molecules,  well  -  resolved  vibrational  progressions  are 
clearly  seen.  However,  a  big  difference  of  this  spectrum  from  the  Hel  photo¬ 
electron  spectrum  (PfSj^f  N-  is  the  greatly  enhanced  intensities  for  the 
v  =  1  -  J  s^^es  of  Np  (K  Tg  )■  If  one  looks  at  a  Hel  PES  of  Np,  it  is  seen  that 
the  Np  (X  I  )  ions^are  o«rwhelmingly  dominated  by  v=0,  with  v  =  1  of  less  than 
10%and  esswtially  none  of  vi2,  in  agreement  with  the  Frank-Condon  distrib¬ 
ution.  Thuj,  U^one  were  to  use  a  Hel  photoionization,  one  could  study  reac¬ 
tions  of  Np  (X  )  only  for  v  =  0  and  1,  In  the  threshold  technique,  the  ions  of 
all  V  up  to  v  =  4%re  efficiently  produced  via  autoionization  through  neutral 
states  lying  close  to  the  individual  vibrational  states  of  the  ion.  All  these 
ionic  states  could  conveniently  be  studied  in  the  reaction  and  this  fact  demon¬ 
strates  the  advantage  of  the  threshold  method  mentioned  in  the  preceeding 
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Section. 

The  second  progression  corresponds  to  the  vibrational  states  of  N2^(A^n  ) 
and  exemplifies  the  feasibility  of  the  technique  to  study  reactions  of  vib^onia 
states.  There  exists,  however,  another  prerequisite  in  order  for  an  electron¬ 
ically  excited  state  to  be  studied  with  this  technique.  That  is,  the  state  in 
question  must  have  a  radiative  lifetime  which  is  at  least  comparable  with  and 
preferably  longer  than  the  flight  time  of  i^e  ion  between  the  ionization  and 
reaction  chamber.  The  levels  in  the  N,  (A  )  state  satisfy  this  condition, 
h^ing  a2rjdiative  lifetime  longer  than  10mS*^O0),  although  the  transition 
A  is  optically  allowed.  Thus,  we  could  study  several  reactions  of 

these  vibranic  states  (11). 


In  the  case  of  polyatomic  molecules,  PES  or  TES  are  usually  broad  and  vibra¬ 
tional  structures  are  not  well  resolved.  In  such  a  case  (e.g.  in  CH.),  we  can 
study  reactions  of  corresponding  ions  only  as  a  function  of  internal  energy 
content  and  not  in  terms  of  selected  states.  However,  there  exist  several 
favorable  cases  even  with  polyatomic  molecules.  As  examples,  we  show  in  Figures 
4  and  5  the  TES  of  acetylene  (12)  and  ethylene  (13),  respectively.  Acetylene  is 
a  case  in  which  progression  of  only  one  mode  of  ionic  vibration  appears  in  TES 
or  PES  in  the  threshold  region.  This  progression  is  well  resolved,  as  can  be 
seen  in  Figure  4,  and  is  assiged  to  the  \>AC-C  stretching)  mode.  .Thus  we  can 
study  the  roles  of  this  mode  of  vibration^in  the  reactions  of  C,H,  (12)  just  as 
in  the  case  of  diatomic  ions.  ^ 

In  Figure  5,  it  is  seen  that  the  TES  of  ethylene  is  also  structured,  although 
peaks  are  broader  than  those  in  acetylene.  Four  major  peaks.are  assigned  (14) 
to  the  (0000),  (0002),  (0100),  and  (0102)  states  of  the  C-H,  ion  (the  numbers 
in  the  parenthesis  represent  quantum  numbers  of  w.  -  v.),  although  there  seems  to 
be  considerable  overlapping  of  the  (0010)  and  (0012)  States,  respectively,  on 
the  third  and  fourth  peaks.  Thus  the  system  involving  ethylene  provides  a 
unique  opportunity  to  investigate  roles  of  vibrational  energies  in  two  different 
modes,  i.e.,  mode  specificity  in  bimolecular  reactions.  - 

Two  spin-  orbit  states  (J = 3/2  and  1/2)  of  rare  gas  ions  in  the  state  con¬ 
stitute  another  important  class  of  internal  states  that  affect  chemical  reac¬ 
tions  and  can  conveniently  be  selected  by  means  of  TESICO.  The  TES  of  rare 
gases,  e.g.,  of  Ar  (not  shown), oCOi  -ts  of  well  -  resolved  simple  two  peaks 
corresponding  to  the  “^P,,-  and  P,  states  of  the  ion,  indicating  that  the 
reactions  of  these  states  are  most' easily  studied  by  TESICO  (15  -  17). 
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FIGURE  3 

Threshold  electron  spectrum  of  nitrogen  molecule. 
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FIGURE  4 

Threshold  electron  spectrum  of 
acetylene. 


FIGURE  5 

Threshold  electron  spectrum  of 
ethylene. 


4.  SOME  RECENT  RESULTS 

4.1.  Endoergic  adiabatic  reaction;  Hp^  +  He->-HeH  +H 

The  reaction 

+  He  -f.  HeH*  +  H  (1) 

is  one  of  the  simplest  ion -molecule  reactions  for  which  exact  calculation  of 
potential  energy  surfaces  is  possible.  Since  the  ionization  potential  of  He 
(24.6  eV  )  is  much  higher  than  that  of  H-  (15.4 eV  ),  the  excited  and  charge 
transferred  states  of  this  triatomic  system  Tie  far  above  the  ground  state  so 
that  the  reaction  at  low  collision  energies  is  expected  to  take  place  on  a 
single  (ground)  potential  energy  surface  (so-called  adiabatic  reaction).  The 
reaction  is  endoergic  by  0.80  eV  for  H-  (v  =  0)  and  becomes  exoergic  for  v  =  4  and 
above.  Thus  a  considerable  part  of  tfle  interest  in  this  reaction  centered  on 
the  problem  of  relative  importance  of  vibrational  and  translational  energies  in 
promoting  endoergic  reactions. 

For  these  reasons,  the  reaction  has  been  extensively  studied  in  the  past, 
both  experiraentary  and  theoretically.  Three  experimental  studies  (18  -  20)  con¬ 
cerned  the  vibrational  state  selection.  In  two  of  these  (18,  19)  the  effects  of 
both  vibrational  and  translational  energies  were  investigated,  but  the  informa¬ 
tion  on  the  reactants'  vibrational  states  was  derived  indirectly  relying  on  the 
propensities  (21)  in  the  autoionization  of  near  the  ionization  threshold. 
However,  the  proportion  of  autoionization  to'^direct  ionization  at  a  fixed  wave¬ 
length  is  largely  dependent  on  the  bandwidth,  of  photons  used.  Only  a  recent 
thermal  energy  study  (20)  utilizes  a  direct  technique.  We  have  aj^plied  our 
TESICO  technique  to  investigate  the  state  selected  reaction  of  H,  (v)  for  v  =  0- 
4  as  a  function  of  relative  kinetic  energy  between  0.4  eV  and  3.6  eV  .  Results 
are  given  in  Figure  6,  where  relative  cross  sections  are  plotted  versus  total 
available  energy  (vibrational  +  relative  translational).  Solid  lines  connect 
data  points  of  the  same  c.m.  collision  energy  and  the  dotted  lines  connect  those 
of  the  same  vibrational  quantum  number. 

From  the  figure,  several  important  features  of  this  reaction  are  clearly 
seen.  First  of  all,  remarkable  vibrational  enhancement  of  the  reaction  is  imme¬ 
diately  evident  from  the  solid  line  curves.  The  gradients  of  these  curves  are 
sharper  for  lower  collision  energies,  indicating  that  the  vibrational  energy 
enhances  the  reaction  more  effectively  at  lower  collision  energies  than  at 
higher  collision  energies.  On  the  other  hand,  collision  energy  is  seen  to  be 
quite  ineffective  in  promoting  this  endoergic  reaction,  as  evidenced  from  the 
v  =  0  and  v  =  l  curves;  with  these  low  vibrational  states,  the  cross  sections  are 
quite  small  even  when  the  total  energy  exceeds  the  endoergicity  considerably. 

Relative  effectiveness  of  the  two  forms  of  energy  is  readily  obtained  by 


534 


/.  Koyano  et  al. 


comparing  cross  sec¬ 
tions  for  successive 
vibrational  states  at 
a  fixed  total  energy, 
and  is  found  to  be  a 
function  of  the  total 
energy.  Such  a  com¬ 
parison  is  numerical¬ 
ly  given  in  Table  1 
for  three  total  ener¬ 
gies,  1.4,  2.5,  and 
3.4  eV.  It  is  seen 
that  the  replacement 
of  a  fixed  amount  of 
translational  energy 
by  the  same  amount  of 
vibrational  energy 
enhances  the  reaction 
considerably  and  that 
this  effect  is  larger 
for  smaller  total  en¬ 
ergy.  For  instance, 
the  replacement  of 
0.99  eV  of  transla¬ 
tional  energy  by  vi- 


TOTAL  ENERGY  /  eV 
FIGURE  6 

State  selected  cross  sections  for  reaction  (1)  as  a 
function  of  total  energy. 


brational  energy 

(corresponding  to  the  energy  of  v  =  4)  enhances  the  reaction  by  a  factor  of  110 


at  1.4eVof  total  energy,  while  it  is  only  by  a  factor  of  11  at  3.4  eV. 


When  the  cross  section  for  each  vibrational  state  is  viewed  as  a  function  of 


collision  energy,  it  is  found  that,  in  all  the  cases  except  for  v  =  0,  the  cross 
section  first  rises  sharply  at  an  energy  that  exceeds  the  threshold  by  a  certain 
amount,  passes  through  a  maximum,  and  then  decreases  sharply  untill  it  reaches  a 
common,  non-trivial  value.  The  peak  position  is  shifted  to  smaller  energies  as 
the  vibrational  quantum  number  is  increased.  Al 1  these  features  are  consistent 
with  the  significant  involvement  of  the  spectator  stripping  mechanism  (22)  in 
these  reactions  of  the  vibrationally  excited  ions.  The  common,  non-trivial  val¬ 
ue  of  the  cross  section  that  is  reached  by  all  reactions  when  the  collision  en¬ 
ergy  is  increased  seems  to  correspond  to  some  other  mechanism.  The  cross  sec¬ 
tions  for  v  =  0  rises  much  more  slowly  and  peak  is  hardly  discernible.  The  v  =  0 
reaction  seems  to  proceed  via  a  non-spectator-stripping  mechanism. 

The  essential  features  of  the  above  results  are  in  good  agreement  with  previ¬ 
ous  studies  (18,  19)  and  also  with  trajectory  calculation  (23)  on  a  diatomics- 
in-molecules  potential  surface  ad¬ 
justed  to  fit  ab  initio  points.  Table  I.  Relative  cross  sections  for  the 

However,  there  exist  several  quan-  reaction  H,,  (v)  +  He  ->•  HeH  +  H  at  fixed 
titative  discrepancies  in  finer  de-  total  energies, 
tail  between  our  and  previous  ex¬ 


perimental  studies.  These  discrep¬ 
ancies  must  originate  from  the  dif¬ 
ferent  experimental  conditions, 
such  as  the  purity  of  the  state 
selection,  definition  of  the  kinet¬ 
ic  energies,  and  so  on. 

4.2  Charge  transfer  an^l  rear¬ 
rangement  in  the  system. 

This  is  an  exampTe  of  four- 
atomic  systems  (AB  +CD)  on  which 


Total  Energy,  (eV) 

V  E 

lev;  1.4  2.5  3.4 

0  0.00  3  (1)  5  (1)  6  (1) 

1  0.27  27  (9.0)  20  (4.0)  19  (3.2) 

2  0.52  132  (44)  36  (7.2)  22  (3.7) 

3  0.77  275  (92)  84  (16.8)  32  (5.3) 

4  0.99  320  (107)  170  (34)  66  (11) 


we  have  performed  rather  extensive 

studies  over  the  last  few  years.  In  these  systems, 
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Charge  transfer  and  rearrangement  reactions  often  compete,, with  the  same  rear¬ 
rangement  product  ABC  being  formed  from  both  reactions  AB  +CD  and  AB +  CD  . 

Figure  7  shows  the  experimental  results  for  the  reactions 

02^(v)  +  Ng  -*■  N2^  +  D2  (2a) 

NpD'^  +  D,  (2d) 

obtained  at  Z.BeVof  collision  energy.  Here,  vibrational  states  of  O2  was 
selected  up  to  v  =  7.  As  can  be  seen  from  the  figure,  it  has  been  found  that 
the  cross  section  of  reaction  (2|)  shows  a  very  interesting  variation  as  the 
vibrational  quantum  number  of  O2  changes:  The  cross  section  varies  regularly, 
increasing  at  odd  quantum  numbers  and  decreasing  at  even  quantum  numbers  (upper 
panel  ).  In  contrast,  the  cross  section  of  reaction  (2b)  is  found  to  be  almost 
independent  of  the  vibrational  quantum  number  (lower  panel  ).  These  trends  are 
essentially  the  same  for  all  collision  energies  studied  (2.5,  6.0,  and  g.OeV). 

On  the  other  hand,  the  results  for  the  reverse  reaction,  i.e.,  for  the  reac¬ 
tions 

N2^(£,  v)  +  D2  ■>  02^  +  N2  (3a) 

-►  N^D'^  +  D,  (3b) 

are  shown  in  Figure  8.  Here,  e  denotes  an  electronic  state,  and  the  states 
selected  are  v=0-3  of  N2'^(X  ‘e*)  and  v=0-3  of  N2'^(A  ‘n  ).  It  is  seen  that, 
while  the  cross  sections  for  both  reactions  (3a)  and  (3b)  are  almost  independent 
of  the  vibrational  state  in  the  X  electronic  state,  they  exhibit  interesting 
dependences  on  the  vibrational  state^in  the  A  electronic  state.  Moreover, the 
effect  of  the  electronic  excitation  to  the  A  2ny  state  on  the  magnitude  of  the 


.  Ecm  =2.510.5  eV 


VIBRATIONAL  STATE  OF  D2* 


FIGURE  7 

Vibrational  state  selected  cross  sections 
for  reactions  (2a)  and  (2b). 
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FIGURE  8 

Vibrational  and  vibronic 
state  selected  cross  sec¬ 
tions  for  reactions  (3a) 
and  (3b). 


Nj**  Dj  ,  Ecm=1.3i0.4  eV 


cross  sections  are  found  to  be  quite  different  between  the  two  channels  (3a)  and 
(3b).  This  latter  point  is  more  conspicuous  at  lower  collision  energies. 

The  distinct  vibrational  state  dependence  of  the  cross  sections  for  reaction 
channels  (2a)  and  (Zb)  would  suggest  that  the  chemical  reaction^(2b)  proceeds 
adiabatically  on  a  potential  energy  surface  correlating  with  Dp  + N,  at  infinite 
interraolecular  separation  (i.e.,  without  hopping  to  the  0- + surface).  On 
the  other  hand,  the  similarity  in  tjje  wl^rational  state  depenoence  between  reac¬ 
tion  channels  (3a)  and  (3b)  with  N-,  (X^z  )  would  indicate  that  the  chemical 
reaction  (3b)  with  this  jtate  proceeds  vft  a  nonadiabatic  transition  to  the  sur¬ 
face  correlating  with  D-  + No  at  infinite  interraolecular  distance.  Thus,  the 
reactions  frjm  both  reactant^pairs  consistently  suggest  that  the  rearrangement 
products  NoD  +0  correlate  with  the  potential  energy  surface  that  correlates 


with  the  +  NM 

the  N2^(X^!:p  +D2(x’ig). 


Zg)  state,  and  not  with  the  surface  correlating  with 


The  above  results  might  indicate  that  the  probability  of  nonadiabatic  transi- 
tiijns  Detween  these  two  si^rfaces  strongly  depends  on  the  vibrational  state  of 
0,  but  not  on  that  of  No  .  However,  the  origin  of  these  dejjendences  is  not 
Clear  at  present.  From  our  previous  studies  on  the  (flr  +  BC)  systems  (y,  15  - 
17,  24,  25),  we  have  empirically  found  that,  for  the  systems  in  which  such  a 
nonadiabatic  transition  takes  place  at  fairly  large  interraolecular  distances, 
the  vibrational  state  dependences  of  charge  transfer  cross  sections  are  well 
interpreted  in  terms  of  the  energy  defects  and  Franck  -  Condon  factors  between 
the  reactant  and  product  states.  In  the  present  system,  the  extention  of  the 
same  consideration,  including  the  Franck  -  Condon  factors  of  both  transitions 

02(X  ’Xg,  V  )  -M-  D2^(X  v)  and  N2(X  v")  N2'^(X  ^Tg.  V  ) ,  is  found  hardly 

to  explain  the  experimental  results.  ^ 

4.3.  Reaction  with^multiple  product  channels:  Oj  +CH. 

The  reaction  of  Op  with  CH,  has  received  considerable  attention  in  recent 
years,  since  severaPexperiraental  studies  (26  -  29)  revealed  that  its  overall 
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rate  constant  varies  in  an  interesting  manner  as  a  function  of  temperature  or 
collision  energy.  In  a  drift  or  flow- drift  experiments,  it  has  been  found  that 
the  extent  of  enhancement  in  the  rate  constant  with  increasing  relative  kinetic 
energy  is  largely  dependent  on  the  nature  of  the  rare  gas  used  as  a  buffer  (26, 
27).  This  fact  has  been  ascribed  to  different  extents  of  drift  -  induced  inter¬ 
nal  (vibrational)  excitation  of  the  O2  ion  by  collisions  with  different  buffer 
gas,  premising  that  the  vibrationally  excited  ions  have  higher  reactivity  toward 
CH^.  Furthermore,  it  has  been  customary  to  assume  that  this  enhancement  is  due 
to  the  opening  of  endoergic  channels  forming  CH.  or  CH.  (26,  27).  However, 
there  have.been  no  direct  information  on  the  reactivities  of  the  vibrationally 
excited  0.  ions  with  CH.. 

We  have  determined  the  vibrational  state  selected  (relative)  reaction  cross 
sections  for  v  =  0-3  for  each  of  the  following  three  product  channels  of  the 
O2  +CH^  reaction. 

+  CH4  -  ^302'^  +  H  (4a) 

->■  CHj'^  +  HO2  (4b) 

->  CH^^  +  O2  (4c) 


The  results  obtained  at  0.27  eV  of  relative  kinetic  energy  are  shown  in  Figure 
9.  As  can  be  seen  from  the  figure,  the  present  Jesuits  show,  in  a  direct 
manner,  that  the  vibrational  excitation  of  the  Op  ions  up  to  v = 3  indeed  en¬ 
hances  the  overall  reactivity  of  these  ions  with  methane.  In  addition,  our 
results  clearly  indicate  that 


this  enhancement  for  v  =  l  and  2 
is  primarily  due  to  the  enhance¬ 
ment  of  the  exo^rgic  channel 
producing  CH3O2  ,  and  not  due  to 
the  existenci  of  endoergic  chan¬ 
nels  that  become  accessible  for 
these  excited  states,  as  was 
assumed  in  the  previous  studies. 
The  enhanced  overall  reaction 
rate  for  the  v  =  3  ions  is  seen 
indeed  to  be  due  to  the  opening 
of  the  endoergic  channels,  espe¬ 
cially  the  charge^transfer  chan¬ 
nel  producing  CH.  ,  However, 
considering  the  relative  popula¬ 
tions  of  the  V  =  1  -  3  ions  in  the 
drift  or  flow-driftr  tubes 
under  usual  conditions,  it  would 
obviously  be  incorrect  to  assume 
that  the  enhancement  of  the  re¬ 
activity  by  possible  vibrational 
excitation  in  drift  experiments 
is  due  to  the  accessibility  of 
the  endoergic  channels. 


VIBRAT:  NAL  STATE 
OF  02 


FIGURE  9 

Vibrational  state  selected  cross  sections 
for  reactions  (4  )  -  (4c). 
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4.4.  Mode  specificity  in  the  reaction  C2H4  +  C2M4  -►  C3H5  +  CHj. 

Recently,  there  has  been  considerable  interest  in  the  mode  specificity  in 
chemical  reactions  (30  -  36).  Most  of  the  studies  from  this  viewpoint  utilize 
lasers  to  excite  a  molecule  to  specific  states  of  different  modes,  and  subse¬ 
quent  unimolecular  processes  of  the  excited  molecule  are  compared.  Obviously, 
it  is  of  great  interest  to  examine  whether  some  mode  specific  behaviors  are  also 
observed  in  bimolecular  reactions.  We  have  performed  such  a  study  with  the 
reaction 

C2H4''{v2.  V4)  +  C,2H^  CjHg''  +  CH3.  (5) 

The  possibility  of  selecting  V2  (C  -  C  stretching)  and  V4  (twisting)  modes  of 
the  C2H4'^  ion  by  the  TESICO  technique  has  been  discussed  in  Section  3. 

Experimental  results  are  shown  in  Figure  10,  where  relative  reaction  cross 
sections  for  the  four  states  (v2,  V4)  =  (0,  0),  (0,  2),  (1,  0),  (1,  2)  are 
plotted  as  a  function  of  the  overall  vibrational  energy  content  of  the  reactant 
ion.  The  three  curves  correspond  to  the  average  collision  energies  of  0.1,  0.2 
and  0.8  eV,  as  indicated. 

As  can  be  seen  from  Figure  10,  the  cross  section  at  the  lowest  collision 
energy  studied  (0.1  eV)  decreases  linearly  with  increasing  vibrational  energy, 
regardless  whether  these  energies  are  carried  in  by  the  V2  or  v.  mode.  When  we 
go  to  a  somewhat  higher  collision  energy  of  0.2  eV,  however,  it  is  found  that  the 
excitation  of  the  v,  vibration  to  v = 2  becomes  to  have  no  effect  on  the  reaction 
cross  section  (compare  between  the  (0,  0)  and  (0,  z)  states  and  between  the 
(1,  0)  and  (1,  2)  states],  while  the  excitation  of  the  V2  vibration  to  v  =  l 
still  has  an  inhibiting  effect  on  the  cross  section  [compare  between  the  (0,  0) 
and  (1,  0)  states  and  between  the  (0,  2)  and  (1,  2)  states],  At  still  higher 
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FIGURE  10 

Relative  cross  sections  of  reaction  (5) 
for  four  different  combinations  of  the 
V2  and  V4  excitation. 
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collision  energy  of  O.SeV.the  cross  section  is  completely  independent  of  the 
vibrational  energy  of  both  modes.  -  -  n\ 

Here,  it  should  be  emphasized  that  although  the  deviation  of  the  (0,  2}  and 
(1.2)  points  from  the  dashed  line  (at  E  =  0.2  eV)  is  small,  the  repeated  mea¬ 
surements  with  long  data  -  col lecting  timei  gave  always  the  same  result  and  the 
error  bar  for  the  (0,  2)  state  never  reached  the  dashed  line.  The  somewhat 
longer  error  bar  for  the  (1,  2)  point  is  ascribed  to  the  poorer  resolution  of 
this  state  in  the  threshold  electron  spectrum.  Thus,  we  believe  that  we  have 
observed  a  situation  in  which  the  two  vibrational  modes  play  different  roles,  i. 
e.,  mode  specificity,  in  a  bimolecular  reaction.  The  experimental  result  indi¬ 
cates  that  this  particular  situation  occurs  only  in  a  narrow,  intermediate  col¬ 
lision  energy  range.  ^  j 

Since  reaction  (5)  is  known  to  proceed  via  a  long-lived  intermediate  com¬ 
plex  at  collision  energies  covered  in  the  present  study,  the  observed  mode  spec¬ 
ificity  must  be  considered  to  originate  from  the  different  behaviors  of  the  vp 
and  V.  vibrations  in  this  complex.  Recent  studies  on  infrared  laser  photodisSo- 
ciation  of  van  der  Waals  molecules  (35,  36)  indicate  that,  although  the  energy 
flow  through  a  low  frequency  intermolecular  mode  is  a  very  fast  process  having 
a  lifetime  of  the  order  of  picosecond  or  even  sub  -  picosecond,  the  rate  of  this 
flow  does  not  necessarily  represent  the  rate  of  complete  randomization  of  the 
originally  localized  energy,  but  rather  represents  a  rate  for  the  very  initial 
energy  migration  process  which  takes  place  only  into  a  certain  group  of  modes 
coupled  strongly  to  the  initially  excited  mode.  Lifetimes  for  complete 
randomization  or  subsequent  re-concentration  of  sufficient  amount  of  energy  on 
a  particular  bond  to  be  ruptured  (and  hence  the  lifetimes  for  predissociation) 
are  found  to  be  much  longer  than  that  for  the  above  -  mentioned  energy  flow  (i. 
e.,  the  lifetime  for  the  loss  of  identity  of  the  initially  excited  state),  often 
being  as  long  as  a  few  nanosecond  or  even  a  few  hundreds  nanoseconds.  Moreover, 
the  rates  of  these  latter  processes,  as  well  as  that  of  the  initial  energy  flow, 
are  found  to  be  mode  -  specific. 

Thus,  at  present  we  interpret  the  observed  mode  specificity  as  originating 
from  the  different  rates  of  energy  flow  in  the  complex  for  the  v,  and 
energies  of  the  reactant  ion,  which  in  turn  lead  to  different  lifetimes  (with 
respect  to  back  decomposition)  for  complexes  formed  from  the  and  excited 
ions. 
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This  report  is  concerned  with  recent  advances  in  the  application  of  the 
guided  beam  method  and  presents  new  results  for  some  reactions  and  charge 
transfer  processes  (C^+  ,  N^+  CO,  Ar'*^+  O2  and  CO,  and  Ar'^'^+  He).  Experi¬ 

mental  progress  involves  the  preparation  of  ion  beams  in  the  "sub  -  0.1  eV 
range",  the  precise  calibration  of  their  kinetic  energy  and  the  determin¬ 
ation  of  product  velocities  in  an  octopole.  The  successful  combination  of 
this  technique  with  others  (like  photoionization  or  photon  -  ion  coinci¬ 
dences)  will  be  briefly  mentioned.  The  above  choice  of  reaction  systems 
allows  a  comparison  with  other  methods  (SIFT,  DRIFT,  ICR,  LIF  and  crossed 
beams). 


1.  INTRODUCTION 


The  goal  of  this  report  is  to  summarize  the  state  of  the  art  in  the  appli¬ 
cation  of  the  "guided  beam"  technique  (or  more  generally  the  use  of  inhomoge¬ 
neous  electrical  radiofrequency  fields)  in  studying  ion-molecule  reactions 
at  very  low  energies.  Therefore  we  will  limit  our  discussion  to  collision 
energies  below  1  eV,  with  emphasis  on  preparation  and  calibration  of  well 
defined  translational  and  internal  energy  distributions. 

RF  ion  optics  (except  for  quadrupole  filters  and  traps)  has  been  used,  so 
far,  in  a  few  laboratories  only.  In  the  first  application  (1),  three  elements 
(an  RF  storage  ion  source,  a  focussing  RF  mass  filter,  and  an  octopole  beam 
guide)  have  been  used  to  determine  absolute  values  for  integral  cross  sections 
(2-5).  Subsequently,  in  an  high  resolution  and  low  energy  scattering  experi¬ 
ment  (also  with  a  storage  ion  source),  a  long  octopole  was  used  to  measure 
product  ion  energies  by  the  time-of-f light  technique.  State  -  to  •  state  diffe¬ 
rential  cross  sections  have  been  obtained  (6,7).  In  further  developments  com¬ 
binations  of  the  guided  beam  technique  with  different  techniques  have  been 
applied.  Photoionization  has  been  used  for  the  study  of  reactions  with  state 
selected  ions  (8-10).  Photon  -  ion  coincidences  revealed  specific  features  of 
chemiluminescent  reactions  (11). 

A  few  other  experiments  using  octopole  beam  guides,  predominantly  for  the 
determination  of  integral  cross  sections  have  been  reported  recently  (12  - 

15).  The  preparation  of  an  internally  thermalized  ion  beam  using  the  storage 
source  has  been  demonstrated  for  several  ionic  species  (2,17,  and  18).  In  this 
summary,  finally,  it  seems  to  be  worthwile  to  mention  some  unpublished  work: 
Special  RF-  traps  have  been  used  in  order  to  determine  thermal  rate  coeffi¬ 
cients  or  long  lifetimes  of  metastable  ions.  In  laser  beam  -  ion  beam  inter¬ 
action,  it  has  been  demonstrated  that  a  long  octopole  allows  one  to  collect 
slow  photo  induced  products  with  high  efficiency. 

In  this  contribution,  we  want  to  discuss  two  improvements  achieved  with 
a  new  guided  beam  apparatus:  1.  The  production  of  extremely  slow  ion  beams  (in 
the  meV  range)  and  their  use  to  measure  effective  cross  sections  down  to 
thermal  energies  (16).  2.  The  determination  of  product  velocity  distributions 
in  an  energy  range  not  accessible  to  other  methods. 

In  the  next  paragraph  we  make  a  few  remarks  concerning  the  mathematical 
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treatment  of  RF  ion  optics,  and  we  will  give  -  more  for  practical  applications 
-  some  formulas  for  the  calculation  of  operating  conditions  for  multipoie 
arrangements.  A  brief  description  of  the  new  “multi  purpose"  guided  beam  appa¬ 
ratus  follows  with  emphasis  on  a  few  .xperimental  details  and  measuring  proce¬ 
dures  . 

Subsequently,  experimental  results  are  presented  for  several  reactions  and 
charge  transfer  processes.  The  selection  of  the  systems  has  been  partly  moti¬ 
vated  by  recent  experiments  performed  with  other  techniques.  This  gives  the 
opportunity  to  discuss  some  advantages  and  disadvantages  of  the  different 
methods,  although  it  is  out  of  the  scope  of  this  report  to  give  a  survey  of 
the  whole  field  of  low  energy  ion  reactions. 

The  following  examples  will  be  dealt  with  in  this  report: 

For  the  endothermic  reaction  C*+  Hj-»CH*+  H  the  precise  form  of  the  inte¬ 
gral  cross  section  in  the  threshold  region  is  still  under  discussion  (15,19). 

The  internal  energy  of  CO*,  formed  in  the  charge  transfer  reaction  N*  +  CO 
~“C0*+  N  has  been  determined  by  lase*^- induced  fluorescence  (20)  and  by  an 
ICR  technique  in  which  the  recoil  translational  energy  distribution  of  the 
oroducts  is  measured  (21).  The  results  will  be  analysed  using  recent  crossed 
and  guided  beam  data. 

For  Ar*  +  0j,C0  results  will  be  compared  with  recently  published  DRIR  tube 
data  (22). 

Some  "differential"  cross  sections,  measured  with  the  guided  beam  apparatus 
for  the  charge  transfer  Ar**  +  He— -Ar*  +  He*  will  be  compared  to  recent 
crossed  beam  experiments  (23). 


2.  EXPERIMENTAL 


2.1  Ions  in  RF  fields 

Ion  optics  using  inhomogeneous  oscillatory  electrical  fields  (RF  fields) 
offer  a  variety  of  applications  in  experiments  with  charged  particles.  The 
best  known  (but  very  special)  examples  are  the  quadrupole  mass  filter  and  ion 
trap.  For  the  mathematical  analysis  of  the  ion  motion  in  such  fields,  approxi¬ 
mate  solutions  for  high  RF  frequencies  have  been  given  (24,25).  A  more  ela¬ 
borate  treatment  has  beer,  developed  by  E.  Teloy  (1).  The  most  important  re¬ 
sults  are; 


Fig.  1.  Ion  trajectories 

in  an  oscillatory  octopole  field. 
Sample  ions  all  start  in  the 
middle,  but  in  different  direc¬ 
tions  and  with  different  parame¬ 
ters.  The  examples  with  Tlm=  0.1, 
0.4,  and  0.7  and  with  (r/r,  )^= 
0.88  illustrate,  that  the  choice 
of  Tim  =0.3  and  (r/r,  )„  =0.8  guar¬ 
antees  a  safe  operation  (for  Tjm 
=0.7,  the  energy  is  not  con¬ 
served).  For  the  three  energies 
(0.1,  1,  and  10  eV),  E  <<nd  V,  are 
constant.  In  the  two  last  examp¬ 
les  only  the  starting  angle  has 
been  changed,  demonstrating  the 
rotational  syirmetry  of  the  effec¬ 
tive  potential:  only  the  small 
oscillations  are  different. 
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The  global  ion  motion  (averaged  over  the  fast  oscillations,  see  fig.l)  can 
be  deduced  from  an  effective  potential  V"  provided  that  the  frequency  is  high 
enough.  This  condition  is  fulfilled  if  the  stability  parameter  1]  is  smaller 
than  0.3. 

The  general  definitions  for  V*  and  T)  are  given  in  ref.  (1)  (formulas  7  and 
10  respectively).  Here  we  restrict  the  discussion  to  cylindrical  niultipoles 
(2n-poles)  which  can  be  constructed  out  of  2  n  rods  arranged  symmetrically 
so  that  the  diameter  d  of  the  rod  and  the  inscribed  circle  fulfills  the  condi¬ 
tion  r,  =  (n-l)-d/2.  These  boundary  conditions  define  a  potential  which  is  in 
good  approximation  given  by  the  first  formula  in  tab.  1.  For  the  calculation 
of  the  effective  potential  V*  and  the  stability  parameter  T)  it  is  useful 
to  introduce  the  abbreviation  £  .  This  term  corresponds  to  the  kinetic  energy 
of  an  ion  cycling  in  phase  with  the  RF  on  a  radius  r,  .  The  amplitude  a  of  the 
fast  motion  (in  first-  order  approximation,  superimposed  on  the  smooth  trajec¬ 
tory)  can  be  determined  from  the  last  equation  in  tab.  1. 


<t>  =  (n/r,  )"  V,  cos(nvp)  (1)  electrical 

potential 

e  =  mcdV  (2)  characteristic 

energy 

2 

V*=  4  - (  r/ r.  )^"*^(3)  effective  po- 

^  tential 

(r/r,  )"^4)  stability  pa- 

^  rameter 

T|  (r/r,  )  (5)  a;  amplitude  of 

°  ^  the  fast  motion 


m  ,  q  mass  and  charge  of  the  ion 
V,  RF  amplitude  at  the  electrode 
to  angular  frequency  (U)  =  2Tlf) 

r,  radius  of  the  inscribed  circle 
maximal  transverse  energy 
Numerical  examples  for  an  octopole: 
n=4  (r/r.  )„=0.8  Tim  =0.3 

q-V.=  48.8  Em  £  =  78.1  E„, 

Units;  u,  cm,  HHz,  e,  V 
E=  1.03644/  20^ 

r.  =  0.3  m.f^=  679 

Em=  1  m  =  1  f  =  26 

m  =  679  f  =  1 


Tab.  1  Formulas  and  numerical  examples  for  multipoles. 

For  practical  applications,  two  requirements  must  be  met: 

1.  The  maximum  of  the  (r  dependent)  stability  parameter  isT|m  =  .3. 

2.  The  trajectory  in  the  large  is  limited  by  (r/r.  )^=0.8. 

The  first  condition  assures  that  the  effective  potential  approximation 
remains  good,  the  second  guarantees  that  the  ions  don't  hit  the  electrodes 
(there  is  enough  space  for  the  fast  oscillation  having  an  amplitude  a=.04-r.  ). 
These  facts  are  illustrated  in  fig.  1.  With  these  numbers  one  gets  the  simple 
result,  that  for  a  singly  charged  ion  with  a  transversal  energy  of  1  eV  a 
minimal  amplitude  of  48.8  V  is  needed  (independent  of  the  geometry  and 
the  mass)  and  £  /E„,  has  a  fixed  value  of  78.1.  It  is  evident  that  the  choice 
of  the  frequency  depends  on  r.  and  the  mass,  as  demonstrated  by  the  numerical 
examples  (tab.  1). 


2.2.  Apparatus 

The  guided  beam  machine  is  in  principle,  the  same  as  the  apparatus  pre¬ 
viously  described  (1),  consisting  of  a  storage  ion  source,  an  RF  quadrupole 
filter,  an  octopole  beam  guide  with  a  scattering  cell,  a  magnetic  mass  spec¬ 
trometer,  and  a  scintillation  detector.  An  improved  ion  source  and  a  long 
quadrupole  (operating  in  a  slightly  different  mode,  see  explanation  in  fig. 
3j  produces  an  (in  most  cases  pulsed)  intense  ion  beam  with  a  very  narrow 
energy  distribution.  The  most  important  modification  refers  to  the  interaction 
region  (see  fig.  2). 

In  the  present  experiment  the  ions  are  injected  into  a  first  octopole  (8a) 
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surrounded  by  a  short  scattering  cell  at  the  exit.  Electrodes  (9  a-c)  surroun¬ 
ding  the  octopole  can  influence  the  potential  in  the  interior.  A  second  much 
longer  octopole  is  coupled  (electrically  and  mechanically)  to  the  first  one 


Fig.  2.  Schematic  diagram  of  the  new  guided  beam  apparatus  (approximatly 

to  scale),  la-c)  The  bakable  UHV  System  is  pumped  separatly  by  three  turbomo- 

lecular  pumps;  2ab)  and  lOab)  Gas  inlet  and  capacitance  manometer;  2)  Storage 
ion  source  (transparent  in  the  axial  direction);  3)  shape  of  the  electrodes 
defining  the  storage  volume;  4)  cathode  and  electron  beam;  5)  Electrode  (for 
pulsing  the  ion  beam);  6)  RF  mass  and  velocity  filter  (rod  diameter  1  cm, 
lenght  25cm);  7)  Lens  system  for  pulsing  and  focussing  into  the  injection 

electrode;  8)  Octopole  I  (L4  cm)  and  II  (46  cm);  9a-c)  Correction  electrodes; 

10)  Scattering  cell  with  quartz  window;  12)  acceleration  towards  the  magnetic 
mass  spectrometer  and  scintillation  detector  (identical  with  13)  -  20)  in  fig. 
1  of  ref.  1) . 


Fig.  3a, b.  Measured  transmission  functions  of  the  quadrupole  mass  and  velo¬ 
city  filter  as  a  function  of  the  RF  amplitude  V.  (f=12.25  FHz,  r  =. 438cm, 
lLj=.25  V,  longitudinal  kinetic  energy  0.25  eV,  a=0. 00014,  q=.0  16,  for°  the  de¬ 
finition  of  a  and  q  see  (26)).  The  principle  and  purpose  of  the  quadrupole 
has  been  described  in  detail  in  ref.  (1)  but  the  operational  mode  is  sligthly 
different  in  the  present  experiment.  Instead  of  three  holes,  transposed  radi¬ 
ally  with  respect  to  the  quadrupole  axis  (see  fig.  3  of  ref.  (1)),  the  only 
boundary  conditions  for  the  ion  trajectories  are  here  the  input  and  the  exit 
hole,  having  primarily  the  advantage  of  axial  symmetry.  Adding  a  DC  difference 
to  the  RF  (both  the  DC  potential  and  the  effective  potential  are  harmonic  for 
a  quadrupole,  see.  tab.  1)  the  focussing  conditions  are  different  in  the  xz 
and  the  yz  plane  as  illustrated  in  fig.  3b.  Transmission  maxima  occur  at  amp¬ 
litudes  (as  can  be  seen  easily  in  fig.  3a)  were  the  number  of  half  waves  coin¬ 
cide.  For  the  preparation  of  a  C*  beam,  the  (4/27)  mode  has  been  chosen  where 
the  xz  motion  of  the  CH*  is  still  unstable. 
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in  such  a  way  that  the  RF  field  does  not  change  in  the  joint,  but  the  ions 
can  be  accelerated  (or  decelerated)  by  using  different  DC  voltages.  This  long 
octopole,  guiding  the  ions  from  the  scattering  region  towards  the  detector, 
allows  one  to  determine  the  axial  velocity  component  of  the  products  via  the 
time  of  flight  (TOF)  method. 

The  lowest  limit  to  the  ion  kinetic  energy  in  an  octopole  is  determined 
by  surface  potential  variations.  Although  many  different  methods  have  been 
tested  in  the  choice  of  materials  and  the  preparation  of  electrode  surfaces, 
long  octopoles  (~20  cm)  have  never  guided  ions  with  an  average  energy  below 
30  meV,  in  most  cases  the  distortions  have  surpassed  50  meV.  However  it  has 
been  demonstrated  (see  fig.  3  and  (16))  that  the  problem  can  be  reduced  using 
shorter  octopoles  (probably  just  because  of  statistical  reasons). 

For  the  determination  of  the  kinetic  energy  distribution  of  the  ion  beam 
in  the  interaction  region  (between  electrodes  9b  and  9c),  two  measurements 
are  routinely  performed: 

1.  The  test  procedure,  probing  the  potential  inhomogeneities  by  slow  ions, 
reflected  on  artificial  potential  barriers.lt  has  been  described  in  (16),  some 
hints  are  given  in  the  caption  of  fig.  4. 

2.  The  actual  energy  distribution  of  the  ion  beam  is  extracted  from  a  TOF 
calibration  procedure  (measuring  the  flight  time  for  several  DC  voltages  in 
octopole  I  and  II).  The  accuracy  is  -  depending  on  the  energy  spread  -  typi¬ 
cal  ly  10  meV. 


Fig.  4.  Determination  of  the 
largest  (positive)  potential 
distortion  and  the  lowest 
energy  transmi tted  through 
a  short  range  of  the  octopole 
(scattering  cell)  by  trapping 
ions  between  the  two  ring 
electrodes  9  b  and  9c.  Elec-  I 
trode  9b  is  operated  in  a  > 
pulsed  mode.  After  passage  ? 
of  the  ions  it  closes  with  g 
a  high  potential  barrier  this  " 
side  of  the  octopole  while 
a  DC  voltage  U,  on  9c  leads 
to  a  potential  barrier,  which 
works  as  an  energy  filter: 

Because  the  chance  to  sur¬ 
mount  the  barrier  depends 
slightly  on  the  angle  of  the  trajectory,  this  region  is  semitransparent  for 
ions  in  a  very  small  energy  band.  This  results  in  the  plotted  time  dependence 
of  the  intensity  (the  main  peak  has  been  omitted).  The  average  energy  Eo  of 
the  semi -trapped  ions  is  well  defined  by  the  time  difference  betweeen  the 
peaks  and  changes  by  only  0.18  meV  per  1)^=1  V.  The  time  width  of  the  peak 
(at  Ur=60V)  corresponds  to  an  energy  spread  of  only  4.5  meV  R'lHM.  The  additio¬ 
nal  TOF  peaks  in  the  last  two  distributions  (marked  by  arrows)  are  due  to  a 
potential  distortion  of  about  6  raeV,  located  approximately  in  the  middle  of 
the  scattering  cell . 


3.  RESULTS  AND  DISCUSSION 

3.1  REACTION  I  C*  +  Hj  —  CH*  +  H 

Integral  cross  section  for  this  reaction  have  been  measured  quite  often  and 
are  illustrative  examples  for  errors  caused  by  an  erroneous  calibration  of  the 
energy  scale,  and  for  the  need  of  very  accurate  absolute  cross  sections  (e.  g. 
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for  kinetic  models  of  interstellar  cloud  chemistry).  Only  recently,  Ervin  and 
Armentrout  (15)  have  presented  new  results  on  that  system  obtained  with  an 
apparatus  with  an  octopole  beam  guide.  Their  results  are  shown  in  fig.  5  and 
are  in  excellent  agreement  with  former  unpublished  results  from  this  labora¬ 
tory  (27). 

Despite  the  improvement  of  the  data  relative  to  earlier  experiments  (cited 
in  (15))  the  cross  section  is  not  characterized  well  enough,  especially  near 
threshold.  This  becomes  obvious  in  a  recent  reevaluation  (19)  of  the  rate 
constants  (also  for  the  reverse  reaction)  at  interstellar  cloud  conditions. 
Chesnavich  et  al .  show,  that  the  experimental  data  are  consistent  with  diffe¬ 
rent  cross  sections  leading  to  very  different  rate  constants  for  the  reverse 
channel  of  reaction  I.  As  discussed  in  full  detail  in  (15)  and  (19),  the  main 
difficulties  arise  from  the  energy  spread,  caused  by  the  thermal  motion  of 
the  target  gas.  Three  various  trial  functions,  that  have  been  used  (15,19) 
are  plotted  on  the  right  hand  side  of  fig.  6. 

Due  to  the  importance  of  reaction  I,  we  have  recently  reinvestigated  this 
process  very  carefully  in  the  threshold  region.  The  cross  sections  have  been 
pinned  down  with  constant  statistical  significance  through  three  orders  of 
magnitude.  The  center  of  mass  energy  half  width  of  the  primary  beam  is  7  meV 
(CM),  calibration  of  the  energy  scale  is  better  than  3  meV  (CM).  The  largest 
error  stems  from  the  target  gas  temperature,  which  is  mainly  determined  by 
that  of  the  octopole.  Due  to  the  absorption  of  some  RF  power  the  rods  are 
warmer  (T=380  K)  than  the  environment.  In  order  to  circumvent  this  problem, 
some  mesurements  have  been  performed  in  an  intermittent  mode  (switching  the 
RF  with  a  duty  cycle  of  1:30)  resulting  in  T=320  K  +/-  10  K  (total  measuring 
time  5  h). 

In  order  not  to  be  restricted  by  a  given  analytical  trial  function  for  the 
deconvolution  of  the  effective  cross  section,  we  have  used  a  polygonal  ansatz 
(see  fig.  6  and  table  2).  In  accordance  with  (15)  we  have  assumed  a  threshold 
energy  of  0.37  eV  (accounting  globally  for  the  rotational  excitation  of  the 
hydrogen  molecule).  The  corresponding  effective  cross  sections  are  shown  (on 
a  logarithmic  scale)  for  three  temperatures  in  fig.  6,  they  fit  the  experi¬ 
mental  data  quite  well.  The  accuracy  of  the  relative  values  of  the  deconvolu- 
ted  cross  section  is  smaller  than  the  dotsize  in  fig.  6  (without  taking  into 
account  the  error  due  to  the  assumed  threshold  value).  The  absolute  values, 
obtained  with  the  three  guided  beam  apparatuses  are  compared  in  fig.  5  (the 
solid  line  represents  our  380  K  data)  and  are  in  good  agreement.  Nevertheless 
an  error  of  ZOZ  is  still  possible,  accounting  for  the  uncertainty  in  the  ef¬ 
fective  length  of  the  scattering  cell  (especially  with  the  short  cell  in  the 
present  experiment). 

As  can  be  seen  from  fig.  6,  the  present  result  rises  slower  than  the  other 
trial  functions  and  stays  below  the  function  2a  (  equ.  15  of  ref.  19).  As  a 
consequence  (comparing  with  fig.  3  of  ref.  19)  the  cross  section  for  the  re¬ 
verse  reaction  of  I  is  decreasing  at  temperatures  below  1000  K.  Thermal  rate 
constants  (the  change  of  the  rotational  excitation  is  not  taken  into  account) 
are  given  in  tab.  2.b.  At  200,  500  and  lOOOK.  these  values  are  100,  16,  and 
6  times  higher  than  the  currently  accepted  analytical  expression  (19)  for  the 
temperature  dependence  of  reaction  I. 
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Fig.  5  Integral  cross  sections  for 
reaction  I.  o;  Ervin  and  Armentrout 
(15),  ACahnbley  (27),  broken  lines:  trial 
in  fig. 6)  and  corresponding  effective  cro 
cross  section,  fitting  the  380  K  data  of  t 


Fig.  6.  Integral  cross  sections  for  the 
reaction  C*  +  H2  CH*  +  H. 

Left  part  (log.  scale);  This  experiment 
(dots,  320  K  and  380  K),  and  calculated 
effective  cross  sections  (solid  lines 
320  K,  380  K,  and  460  K),  corresponding 
trial  function  see  tab.  2. 

Right  part  (lin.  scale):trial  functions 
used  by  the  different  authors: 

1;  ref.  (15),  2a  and  b;  ref.  (19) 
dots:  this  work,  see  table  2. 

function  used  in  ref. (15)  (number  1 
s  section,  solid  line;  effective 
e  present  work. 


3.2.  REACTION  II  N*  +  CO  —  CO*  +  N 

The  charge  transfer  process  II  has  been  studied  by  several  groups  in  the 
last  two  years  in  the  sub-eV  range.  In  a  guided  beam  apparatus  (fig.  7  and 
16),  the  integral  cross  section  has  been  measured  between  2eV  and  20meV  beam 
energy  closing  the  gap  between  thermal  energies  and  a  few  eV  with  a  beam  expe¬ 
riment.  Thermal  rate  coefficients,  calculated  with  the  deconvoluted  cross  sec¬ 
tion,  the  analytical  expression  for  which  is  given  in  (16))  are  compared  with 
recently  published  values,  obtained  with  a  variable- temperature  SIFT  apparatus 
(28); 

Temperature _  88  146  196  245  296  371  454 

Guided  beam(16)  10.3  9.5  8.8  8.2  7.6  6.9  6.3 
SIFT  (28)  9.7  7.2  6.7  6.3  5.9  5.3  4.6 
Guided  Beam  (76X)  7.8  7.2  6.7  6.2  5.8  5.3  4.8 

The  SIFT  results  are  in  general  about  25%  lower  which  is  within  the  combi¬ 
ned  uncertainties  of  the  two  experiments.  But  the  decrease  in  k  with  rising 
temperature  is  in  excellent  agreement  as  can  be  seen  on  the  last  two  lines 
of  the  table. 

In  order  to  get  some  information  on  the  partitioning  of  the  energy,  several 
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Fig.  7.  Integral 
cross  sections 
for  N*+  CO  —CO* 
+  N  Oots;  ref.  2 
and  this  experi¬ 
ment.  Broken  line 
Langevin  cross 
section,  dash  - 
dotted  line: 
analytical  trial 
function  see 
ref.  16)  Solid 
line  (fitting 
the  experimental 
points):  calcu¬ 
lated  effective 
cross  section. 


methods  have  been  applied.  The  laser-induced-fluorescence  (20)  studies,  per¬ 
formed  at  a  collision  energy  of  0.13  eV,  resulted  in  a  vibrational  population 
favouring  with  81%  the  v=0  state.  In  a  crossed  beam  experiment  (29)  the  trans¬ 
lational  energy  of  the  CO*  products  has  been  measured  at  laboratory  angles 
ranging  from  0“  to  70'  (covering  almost  80%  of  the  accessible  center  of  mass 
velocity  range).  Fig.  8.  shows  product  translational  distributions,  derived 
from  the  scattering  diagram  in  the  usual  way  (23).  As  can  be  seen,  the  reac¬ 
tion  has,  even  at  the  lowest  energy  of  0.54  eV,  a  strong  tendency  to  convert 
most  of  the  collision  energy  into  internal  excitation  instead  of  channeling 
the  exothermicity  into  translation  as  predicted  by  Franck-  Condon  factors  or 
the  LIF  experiment. 

The  only  method  to  extract  some  information  on  the  translational  energy 
of  the  secondary  ion  at  thermal  conditions  is  the  kinetic  energy  ion  cyclotron 
resonance  spectroscopy  (KEICR)  developed  by  Hauclaire,  Derai ,  and  Marx  (30). 
This  technique  has  recently  been  applied  (21)  to  study  the  vibrational  state 
distribution  as  a  ♦'unction  of  translational  energy  (0.025  to  0.1  eV).  Unfor- 
tunatly,  the  evaluation  of  the  experimental  data  (85%  in  v=0  at  thermal  ener¬ 
gies  and  a  strong  increase  of  the  internal  excitation  with  increasing  trans¬ 
lational  energy)  has  been  done  without  considering  the  averaging  effects  due 
to  the  thermal  motion  of  the  target  gas  and  the  influence  of  the  angular  and 
energy  dependence  of  the  cross  section. 

As  a  demonstration  we  have  simulated  numerically  the  ICR  experiment  for 
two  different  vibrational  population-.:  (a)  P(0)=1  and  (b)  P(0)  =  .75,  P(l)  =  .21, 
P(2)=0.04,  assuming  completely  thermalized  ions.  It  is  evident  from  the  exam¬ 
ple  (fig.  9),  that;l.  data  of  much  higher  quality  are  needed  (especially  at 
trapping  potentials  below  100  meV!)  in  order  to  deconvolute  them,  and  2.  the 
extrapolation  method  used  in  the  evaluation  in  ref.  (21)  is  misleading. 

It  must  be  mentioned  that  this  simulation  holds  only  for  a  completely 
thermalized  system  (the  ion  velocity  distribution  must  be  a  Maxwel 1 -Bol tzmann 
distribution  with  the  same  temperature  as  the  neutrals'.).  For  any  deviation, 
e.g.  for  supra-thermal  ions,  the  laboratory  energy  distribution  depends 
strongly  on  the  CM  angular  distribution.  This  can  be  easily  seen  on  a  Newton 
diagram,  and  is  illustrated  with  the  following  numerical  example  (neutral  tem¬ 
perature  300  K,  N*  lab.  energy  0.1  eV,  translational  exoergicity  0.52  eV 
(v=0)).  The  mean  value  of  the  laboratory  kinetic  energy  of  the  CO*  ion  ("nomi- 


D.  Gerlich 


Low  Energy  Ion  Reactions  measured  with  Guided  Beams 


549 


naV  value  0.17  eV)  is  0.33  eV  or  0,10  eV,  respectively,  if  the  product  is 
scattered  forward  or  backward  with  respect  to  the  primary  ion. 


TRANSLATIONAL  EXOERGCITY  leV| 

Fig.  8,  Product  tranlational 
distributions  (29) 


V,  (VI 
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tion  (see  text).  :  trapping  potential 


Similar  problems  complicate  the  interpretation  of  the  LIF  results  as  discussed 
in  (20,  31,  and  16),  For  the  determination  of  the  state -to- state  cross  sec¬ 
tions, the  laboratory  velocity  distribution  is  needed  to  convert  the  measured 
densities  into  product  fluxes.  Due  to  these  problems  none  of  the  experiments 
mentioned  so  far  give  conclusive  evidence  for  the  true  internal  state  popu¬ 
lation,  The  LIF  product  distribution  has  been  interpreted  (2D)  to  match  fairly 
well  the  trend  predicted  by  a  Franck  -  Condon  (vertical  ionization)  model, 
whereas  the  beam  data  are  more  indicative  of  a  strongly  interacting  inter¬ 
mediate  complex. 

Supported  by  low  resolution  angular  distributions  (ref. (16)  a  reaction 
mechanis.m  has  been  proposed  which  is  consistent  with  all  experimental  and 
theoretical  information  so  far  available. 

Here,  for  clarity  and  simplicity,  it  will  be  explained  exclusively  with 
help  of  the  potential  curves  of  the  states  of  the  {N..C0)*  isomer,  (fig. 
6  of  ref.  (32). 

1.  The  charge  transfer  occurs  at  an  avoided  crossing  at  large  distances. 

The  SCF/CI  calculations  (32)  predict  from  the  leading  configurations  an 

avoided  crossing  between  r(NC)=  5  and  7  bohr.  The  energy  dependence  of  the 
integral  cross  section  predicts  (within  a  simple  model  (16))  r{NC)=7,2  bohr 

and  a  transition  probability  proportional  to  . 

2,  The  system  crosses  the  critical  region  twice,  but  the  overall  transition 
probability  is  not  2-P-(l-P)  as  in  atom  atom  collisions  and  can  be  as  large 
as  P  +  P-(l-P). 

a)  The  transfer  on  the  approach  leads  to  the  formation  of  a  strongly  bound 
(several  eV)  intermediate  complex,  where  all  the  energy  can  be  partitioned 
statistically  (probably  with  some  constraints  favouring  for  example, the  linear 
conformation).  During  the  dissociation  an  electron  retransfer  may  be  hindered 
for  energetic  reasons. 

b)  If,  on  the  other  hand,  the  trajectory  remains  on  the  upper  surface  du¬ 
ring  the  approach,  the  repulsive  potential  prevents  the  system  from  strong 
interaction,  and  it  has  therefore  a  second  chance  for  the  electron  Jump, 

The  mechanism  2a  and  2b  lead  to  different  angular  and  energy  distributions 
explaining  the  different  experimental  results  (discussed  in  16). The  model  is 
also  consistent  with  the  fact  that  the  rate  coefficient  reaches  the  Langevin 

limit  at  low  temperatures.  Of  course,  due  to  different  isomers  and  several 
potential  surfaces  in  three  dimensions  the  reality  will  be  more  complicated. 
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3.3.  REACTION  III  a,b  Ar*  -i-  CO  — ^  CO*  +  Ar  and  Ar*  +  Oj—  OJ  +  Ar 

Reactions  of  Ar*  ions  have  been  studied  thoroughly  since  the  early  days  of 
ion  molecule  research  (for  a  summary  see  (22)).  In  this  report,  these  systems 
have  been  chosen  for  two  reasons.  First,  we  want  to  discuss  the  comparison 
between  data  measured  with  a  FLOW-DRIFT  and  an  ion  beam  apparatus,  and  sec¬ 
ondly  we  want  to  give  a  first  example  for  the  determination  of  the  kinetic 
energy  of  product  ions  in  an  octopol". 

Fig,  10  shows  the  rate  constant  Ar'*'  +  CO  (22)  as  a  function  of  the  mean 
relative  kinetic  energy  and  (in  the  same  coordinate  system  but  with  different 
meaning)  the  "effective  rate"  K*(V^  )=Oe(f  (Vi  )Vi  as  a  function  of  the  "nominal 
CM  translational  energy"  Ei  =y/3  Vi^  (p  being  the  reduced  mass  of  the  system, 
for  a  detailed  discussion  of  this  presentation  of  data  see  (1)). 

For  a  comparison  of  the  two  sets  of  data  a  careful  distinction  must  be  made 
between  the  true  cross  section  0(V),  which  is  the  desired  result,  and  the 
actually  measured  quantities.  In  our  beam  experiment,  the  ion  energy  is  much 
better  defined  (  in  this  case  within  25  raeV)  than  the  broadening  due  to  the 
target  motion.  Unfolding  of  the  measured  effective  cross  sections  with  the 


Fig.  10  A  O  Rate  constants  (Flow  Drift  (2?)  .Beffective  rate  coefficient, 
explanation  see  text. 
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Fig.  11.  Distribution  of  the  axial  velocity  component  of  the  Oj  products. 
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well  defined  generalized  Maxwell -Boltzmann  distribution  is  feasible  with  good 
data  as  demonstrated  for  the  C*+H2  reaction  but  has  not  yet  been  done  for  this 
system.  Vfith  this  cross  section  and  with  the  (more  or  less  well  known)  energy 
distribution  of  the  ions  in  the  drift  tube,  the  latter  data  should  be  simu¬ 
lated  for  a  precise  comparison. 

At  low  energies  where  both  methods  approach  more  or  less  the  usual  thermal 
rate  coefficient,  the  agreement  is  gratifying. 

The  minimum  in  the  rate  constant  at  a  few  tenths  of  an  eV  and  the  strong 
increase  above  the  threshold  for  the  first  electronically  excited  state  (mar¬ 
ked  in  fig.  10)  have  been  observed  and  discussed  in  |22)  for  both  O2  and  CO. 
In  fig.  11  distributions  of  the  axial  velocity  of  O2  products  are  plotted 
for  two  collision  energies.  At  0.27  eV  there  is  still  a  remarkable  amount  of 
the  exothermicity  channeled  into  translation  (ions  at  right  of  the  second 
dashed  line),  but  there  is  also  a  peak  at  the  first  dashed  line,  marking  the 
center  of  mass  velocity.  At  this  velocity  all  the  available  energy  is  trans- 
fered  into  internal  excitation.  This  peak  gets  even  more  dominant  at  0.55  eV 
where  the  the  channel  Oj  (a‘Ttu)+Ar  -  0.35  eV  is  energetically  accessible.  For 
a  more  quantitative  analysis,  the  distribution  of  the  transversal  component 
of  the  product  velocities  has  to  be  determined. 

Experiments  towards  that  goal  are  in  progress,  in  this  report  the  method 
wi’l  be  demonstrated  briefly  in  the  next  paragraph  for  a  simple  atom-atom 
charge  transfer  process. 

3.4.  REACTION  IV  Ar'”  +  He  —  hr*  +  He-^ 

Only  recently  have  state  resolved  differential  cross  sections  been  measured 
for  reaction  IV  at  energies  down  to  0.5  eV  in  a  crossed  beam  experiment  (23), 
In  order  to  obtain  some  more  information  in  the  interesting  sub-  e''  range, 
we  have  investigated  this  charge  transfer  process  in  our  guided  beam  appara¬ 
tus.  For  the  first  time,  not  only  integral  cross  sections  (fig.  12)  but  also 
absolute  values  for  differential  cross  sections  have  been  measured  with  this 
technique. 


Fig,  12  Integral 
cross  sections 
for  reaction  IV 

The  dependence  of  the  integral  cross  section  on  the  collision  energy  Ej. 
can  be  represented  by  the  formula 

0  =  P(E,)  TT;r2(1  -  Vf^(R,)/E, 

where  Rc=  4.7  a  is  the  crossing  radius  between  the  polarisation  potential 
Vpol(P)  and  the  Coulomb  potential,  attracting  the  reactants  and  repelling  the 
products .  The  (impact  parameter  averaged)  pobability  for  a  charge  tranfer, 
PTeTI,  Pas  a  local  minimum  of  less  than  .03  at  about  leV.  The  rise  of  the 
cross  section  towards  lower  energies  is  only  to  a  minor  part  due  to  the  long 
range  attraction.  Therefore  th.at  change  must  be  explained  by  the  energy  depen¬ 
dence  of  the  coupling  (Cor’olis  or  radial  coupling,  fine  structure). 
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More  detailed  information  on  this  coupling  can  be  extracted  from  the  angu¬ 
lar  distribution  of  the  products.  For  this  simple  process  only  one  channel 
(ignoring  fine  structure),  is  energetically  accessible.  Linder  such  conditions, 
as  can  be  seen  from  the  Newton  diagram,  the  product  velocity  can  be  determined 
by  only  measuring  their  axial  component  (guiding  all  ions  independent  on  their 
transversal  component).  One  example  (transformed  from  a  TOF  distribution,  mea¬ 
sured  at  0.1  eV  is  shown  in  fig.  13,  The  distribution  is  obviously  syiimetric 
relative  to  the  dashed  line,  marking  the  center  of  mass  velocity. 


Fig.  14.  Differential  absolute  cross 
Fig.  13.  Velocity  distribution  section 

The  differential  cross  section  shown  in  fig.  14  has  been  used  to  simulate 
these  experimental  values  (taking  into  account  exclusively  the  target  motion). 
The  overall  agreement  is  gratifying,  there  are  some  discrepancies  in  the  for¬ 
ward  and  backward  direction,  leading  probably  to  a  larger  differential  cross 
section  at  these  angles. 

The  pronounced  sideways  peak  in  the  scattering  diagram  of  Friedrich  and 
Herman  (23)  shows  up  also  in  our  experiment.  For  a  more  quantitative  analysis, 
some  more  development  of  the  guided  beam  technique  is  needed,  especially  the 
determination  of  the  transversal  component  of  the  velocity  with  the  help  of 
the  guiding  field.  Experimental  work  is  in  progress. 

CONCLUSION 

It  has  been  demonstrated  vn' th  a  few  examples, that  the  guided  beam  technique 
is  a  very  versatile  method  to  reveal  detailed  information  on  low  energy  ion- 
molecule  reaction  dynamics. 

Accurate  absolute  cross  sections  as  a  function  of  well  defined  translatio¬ 
nal  energies  can  be  obtained  even  at  thermal  energies.  The  high  sensitivity 
allows  the  incorporation  of  other  techniques  like  photoionisation,  coincidence 
technique,  or  the  use  of  a  secondary  beam  instead  of  a  scattering  cell. 

First  steps  have  been  made  towards  the  determination  of  (low  resolution) 
differential  cross  sections  in  an  energy  range  not  accessible  to  crossed  icn 
beam  experients, 
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Progress  is  reported  in  measuring  the  energy  and  angular  distribution  of 
protons  emerging  with  velocity  close  to  the  beam  velocity  from  the  target 
region  when  Ar*  beams  collide  with  a  CH^  target  and  ArH*  beams  collide  with 
a  He  target  at  asymptotically  high  speeds.  The  protons  result  from  the 
transfer  of  a  target  constituent  to  the  projectile  (atom  capture)  or  from 
the  dissociation  of  the  projectile  molecule  in  the  collision  (atom  loss). 
For  atom  capture  processes  the  Thomas  peak  is  clearly  observed. 


1.  INTRODUCTION 

Ion-atom  collisions  at  asymptotically  high  speeds  involving  electronic 
charge  transfer,  projectile  ionization  or  target  ionization  are  the  subject 
of  many  recent  theoretical  investigations.  In  the  asymptotic  velocity  re¬ 
gime,  where  the  projectile  speed  v  is  substantially  greater  than  the  charac¬ 
teristic  orbital  speed  of  the  electron  in  a  target  or  projectile  atom,  a 
perturbation  expansion  is  supposed  to  provide  an  increasingly  accurate  des¬ 
cription  of  these  processes.  For  charge  transfer,  interesting  ties  to  clas¬ 
sical  descriptions  exist. 

In  current  electron  capture  and  loss  experiments,  however,  the  asymptotic 
velocity  regime  can  only  be  reached  if  the  projectiles  have  velocities  >  10 
au  even  for  light  targets.  Furthermore,  angular  distributions  measurements 
for  electronic  charge  transfer  and  projectile  ionization  -rocesses  become 
increasingly  difficult  at  projectile  speeds  over  10  au  because  of  the  small 
scattering  angles  involved. 

A  simple  physical  picture  of  such  three-body  scattering  processes  may 
emerge  from  alternative  experiments.  Involving  the  capture  of  a  whole  atom 
from  a  molecule  by  a  projectile  ion  or  of  the  loss  of  an  atom  from  a  projec¬ 
tile  molecular  ion.  Projectiles  with  kinetic  energies  on  the  order  of  100 
eV/u  have  asymptotically  high  speeds,  substantially  greater  than  the  charac¬ 
teristic  vibrational  speeds  of  atoms  in  molecules,  while  the  laboratory 
scattering  angles  for  atom  capture  and  atom  loss  events  are  measurably  dif¬ 
ferent  from  0  deg.  Doubly  and  triply  differential  cross  section  measure¬ 
ments  become  possible,  promising  to  reveal  completely  new  information  about 
the  associated  scattering  amplitudes. 

He  are  investigating  collisions  at  asymptotically  high  speeds  between 
singly  charged  diatomic  hydride  ions  (Hj*,  HeH*,  ArH*,  KrH*)  and  neutral 
atoms  (He,  Ne,  Ar,  Kr)  and  between  singly  charged  atomic  projectiles  (Ar*, 

Kr*)  and  neutral  target  molecules  with  one  or  more  hydrogen  atom  consti¬ 
tuents  (H,,  HjO,  CH^).  He  focus  on  the  dissociation  of  the  projectile  mole¬ 
cule  into  states  in  which  the  relative  velocity  of  the  fragments  is  small 
compared  to  the  projectile  velocity  and  on  the  transfer  of  target  constit¬ 
uents  Into  projectile  centered  continuum  states,  I.e.  states  in  the  vibra¬ 
tional  continuum  of  the  electronic  ground  state  of  the  projectile  hydride  ion. 
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2.  ATOM  LOSS 

In  a  collision  between  a  diatomic  hydride  ion  and  a  target  atom,  low 
lying  states  in  the  vibrational  continuum  of  the  projectile  molecule  can  be 
excited.  The  molecule  dissociates,  most  often  into  a  neutral  fragment  and  a 
proton.  In  the  laboratory  frame  the  velocity  spectrum  of  grotons  produced 
in  such  atom  loss  events  peaks  at  the  projectile  velocity  v.  We  have  ob¬ 
served  this  peak  (1)  by  measuring  the  velocity  distribution  of  protons  emer¬ 
ging  from  the  target  into  a  cone  of  half  angle  8q  between  0.6  deg  and  2.6 
deg  about  the  beam  direction.  However,  at  asymptotically  high  speeds  exci¬ 
tation  to  low-lying  states  in  the  vibrational  continuum  of  the  ground  states 
is  not  the  only  mechanism  for  colllslonal  dissociation.  Our  spectra  show 
prominent  features  in  the  wings  of  the  proton  loss  peaks  at  the  proton  velo¬ 
city  Vp  =  V.  Symmetric  structure  appears  in  both  wings,  growing  more 
intense  as  the  projectile  energy  increases.  We  observe  peaks  corresponding 
to  proton  velocities  Vg,  such  that  [vg  -  v|  is  constant,  independent  of 
projectile  energy  and  target  gas.  The  intensities  of  the  features  in  the 
wings  are,  however,  strongly  dependent  on  the  nature  of  the  target  atoms  and 
are  moat  Intense  for  He  targets.  For  ArH*  projectiles  at  the  higher  projec¬ 
tile  energies,  we  observe  two  well-resolved  lines  at  jvg  -  v|  =  (7.2  ±  .3) 

•  10"’  au  (1.3  ±  .1  eV),  and  (15.9  ±  .3)  •  10"’  au  (6.3_,±  .3_^eV),  respec¬ 
tively!  and  one  weak  structure  between  these  lines  at  |vg  -  v|  =  (11.9  ±  .*1) 

•  10“’  au  (3.5  ±  .3  eV),  as  shown  in  Figure  1.  We  assume  the  observed  lines 


Figure  1.  Velocity  spectrum  of  protons  emerging  into  a  cone  of  half  angle 
0Q  =  1.6  deg  about  the  beam  direction  for  Mil. 8  keV  ArH*  ions  traversing  a  He 
target.  The  beam  velocity  is  .209  au. 
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to  be  due  to  sudden  electronic  rearrangements  of  the  molecular  projectile 
in  the  collision,  leaving  its  nuclear  constituents  relatively  static 
(Frank-Condon  transitions).  The  projectile  undergoes  a  sudden  vertical 
transition  from  the  electronic  ground  state  to  some  excited  electronic 
state,  which  then  dissociates,  liberating  a  total  CM  kinetic  energy  U(r)  - 
LI{”),  where  U(r)  is  the  potential  energy  corresponding  to  the  Internuclear 
separation  r  for  the  particular  electronic  state  excited.  The  distribution 
of  internuclear  separations  in  the  electronic  ground  state  from  which  the 
excitation  proceeds  is  of  course  determined  by  the  populations  of  the  var¬ 
ious  vibrational  states  present  in  the  incident  beam.  In  addition  to  measu¬ 
ring  the  proton  velocity  distribution  along  the  beam  direction  we  are  now 
making  detailed  angular  distribution  measurements  of  energy-analyzed  protons 
produced  in  atom  loss  events.  This  will  allow  us  to  map  the  complete  velo¬ 
city  distribution  of  these  protons  in  the  projectile  rest  frame. 


3.  ATOM  CAPTURE 

In  1927  Thomas  (2)  gave  a  classical  treatment  of  the  transfer  of  a  light 
target  constituent  to  a  heavy  projectile  valid  in  the  asymptotic  regime. 
Thomas  scattering  is  a  two  step  process.  The  light  particle  is  first  scat¬ 
tered  by  the  projectile  and  then  by  a  heavy  target  constituent  in  such  a 
manner  that  projectile  and  captured  particle  emerge  with  almost  the  same 
velocity  at  a  critical  angle  0q  with  respect  to  the  incident  beam 
direction.  For  electron  capture  by  protons  from  He  Oq  =  /3m/2M  =  0.A7 
mrad.  (m  and  M  are  the  electron  and  proton  mass  respectively).  It  is  now 
widely  understood  that  any  quantum  treatment  of  capture  and  high  energies 
must  take  this  process  into  account  (3).  In  a  perturbation  expansion,  it 
corresponds  to  a  second  order  Born  process  that  dominates  over  the  first 
order  Born  term  in  the  limit  of  high  projectile  velocity.  Only  recently, 
the  first  observation  of  the  Thomas  peak  in  the  differential  cross  section 
for  high  energy  electron  capture  by  protons  from  He  had  been  reported  (A), 
and  experiments  involving  heavy  ion  projectiles  would  be  even  more  diffi¬ 
cult.  For  atom  capture  at  asymtotically  high  velocities  however  we  have 
observed  the  Thomas  peak  at  Gq  =  1.3  deg  with  Ar*  projectiles  ana  a  CH. 
target  (5).  In  two  recent  theoretical  papers  Shakeshaft  and  Spruch  (6,7) 
have  focussed  attention  on  the  connection  between  classical  and  quantum 
mechanical  scattering  descriptions,  and  atom  capture  experiments  are  among 
the  most  suitable  to  reveal  such  ties. 

In  our  early  measurements  we  have  recorded  the  number  of  protons  emerging 
into  a  cone  of  half  angle  Oy  about  the  forward  direction  as  a  function  of 

proton  energy  for  100-300  eV/u  Ar*  and  Kr*  projectiles  incident  on  CH^. 

States  in  the  vibrational  continuum  of  ArH*  and  KrH*  dissociate  into  Ar  ♦  H* 

and  Kr  *  H"',  respectively  (3).  After  a  continuum  capture  event  the  electron 

follow-  the  projectile  ion  and  the  proton  emerges  with  velocity  Vp  =  v.  If 
atom  c,  a  proceeds  via  the  double  scattering  mechanism,  then  the  projec¬ 
tile  ana  ,ie  captured  atom  emerge  at  a  critical  angle  Oq.  For  Ar*  on  CH.  Gp 
1.3  deg  and  for  Kr*  on  Op  =  0.6  deg.  For  Ar*  projectiles  we  have 
varied  Op  from  being  smaller  to  being  larger  than  the  crl.ical  angle  while 
still  collecting  protons  emerging  at  all  azimuthal  angles.  For  acceptance 
angles  Og  >  Op  we  observe  a  central  peak  in  the  proton  spectra  centered 
at  a  proton  velocity  Vp  =  v'  where  v'  is  close  to  but  slightly  less  than  the 
beam  velocity  v.  This  peak  vanishes  for  Op  <  Op.  We  interpret  this  central 
peak  as  the  atom  capture  to  the  continuum  peak,  produced  via  the  double 
scattering  mechanism.  For  100-300  eV/u  Ar*  and  Kr*  projectiles  on  the  CH.. 
measured  integrated  cross  sections  are  small,  they  lie  between  5  and  100 
barn . 

In  earlier  experiments  Cook  et  al  (9)  observed  the  Thomas  peak  in  the 
formation  of  Hj*  by  fast  proton  impact  on  CH,.  The  position  of  the  Thomas 
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peak  can  be  predicted  classically .  The  shape  of  the  Thomas  peak,  however, 
depends  on  the  detailed  nature  of  the  interaction.  To  extract  this  shape 
information  we  are  now  making  the  first  doubly  differential  cross  secti  ,n 
measurements  for  atom  capture  to  continuum  states,  differential  in  captured 
particle  scattering  angle  and  energy. 


H.  APPARATUS 

Measurements  differential  in  proton  scattering  angle  and  energy  are  made 
using  a  two  dimensional  position  sensitive  particle  detection  system  which 
is  described  in  detail  in  this  volume  (10). 

Our  beams  pass  through  a  1  cm  long  target  gas  cell  located  at  the  en¬ 
trance  focus  of  a  doubly  focussing  spherical  sector  dccLi-ostatic  analyzer 
accepting  protons  emitted  into  a  cone  of  half  angle  0  S  6  deg  about  the  beam 
direction.  A  1  mm  aperture  in  the  exit  focus  of  the  analyzer  sets  the 
energy  resolution  to  AE/E  ■=  It  FWHM.  The  position  sensitive  detector  system 
is  mounted  15  cm  away  from  the  exit  aperture.  We  record  an  atom  capture  to 
the  continuum  or  atom  loss  event  by  detecting  a  proton  emerging  from  the 
collision  with  velocity  Vp  dose  to  the  beam  velocity  v.  We  measure  the 
angular  and  energy  distribution  of  the  protons  emerging  from  the  collision, 
i.e.,  we  measure  d^a/dQpdEp.  The  angular  distribution  of  the  protons  with 
Vp  close  to  V  in  the  scattering  region  is  imaged  one  to  one  into  the  detec¬ 
tion  region.  The  entire  distribution  in  polar  angle  O  and  azimuthal  angle  e 
can  be  acquired  simultaneously.  A  microchannel  electron  multiplier  array  of 
25  mm  diameter  active  area  is  the  primary  event  detector.  Output  pulses  are 
collected  on  a  resistive  anode,  and  position  decoding  utilizes  the  charge 
division  method.  Computer  assisted  data  acquisition  is  implemented  using 
the  modular  CAMAC  standard  and  a  multitasking  control  program. 


5.  RESULTS 

Measurements  using  the  position  sensitive  detector  system  have  just  begun 
and  only  preliminary  results  can  be  presented  here. 

Figure  2  shows  the  angular  distribution  of  protons  emerging  from  the 
target  region  with  speed  equal  to  the  projectile  speed  v,  for  7  keV  Ar* 
projectiles  on  CH,.  It  can  clearly  be  seen  that  the  protons  emerge  prefer¬ 
entially  at  a  nonzero  angle  0  •  I.A  deg  relative  to  the  beam  direction. 

This  measured  angle  agrees  well  with  -  1.3  deg  predicted  for  atom  capture 

via  Thomas  double  scattering.  Figure  2  shows  raw  data,  not  yet  corrected 
for  slight  distortions  due  to  the  imperfect  focussing  properties  of  the  1 60 
deg  spherical  sector  proton  energy  analyzer.  Because  atom  capture  cross 
sections  are  so  small  (on  the  order  of  barn)  great  care  must  be  taken  to 
eliminate  background.  Here  we  have  not  yet  been  completely  successful  and 
the  ring  structure  in  the  angular  distribution,  which  is  the  Thomas  peak, 
does  not  have  perfect  symmetry.  Background  problems  are  now  being  correc¬ 
ted.  The  results  presented  in  Figure  2  clearly  show  that  atom  capture  to 
the  continuum  at  asymptotically  high  speeds  proceeds  via  the  Thomas  double 
scattering  mechanism.  To  investigate  the  detailed  shape  of  the  Thomas  peak, 
measurements  are  now  being  made  of  the  angular  distribution  of  the  protons 
emerging  from  the  target  region  as  a  function  of  proton  energy.  We  will 
then  be  able  to  map  the  complete  velocity  distribution  of  the  captured  par¬ 
ticles.  The  velocity  of  a  detected  proton  along  the  beam  direction  is  de¬ 
termined  by  the  analyzer  field  and  the  velocity  transverse  to  the  beam  di¬ 
rection  from  the  measured  position  of  arrival  on  the  channel  plate. 

For  atom  loss  processes  complete  velocity  distributions  will  also  be 
obtained  from  measurement  of  proton  spectra  differential  In  proton  energy 
and  scattering  angle. 
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ANGLE  DEG  ANGLE  DEG 

Figure  2.  Angular  distribution  of  protons  emerging  from  the  target  region 
with  speed  equal  to  the  projectile  speed  v  for  7  keV  Ar'*'  projectiles  on 
CH4.  The  protons  emerge  preferentially  at  a  nonzero  angle  9  £  1.4  deg  rela¬ 
tive  to  the  beam  direction  as  predicte'*  for  continuum  capture  proceeding  via 
the  Thomas  double  scattering  mechaniom.  The  right  graph  shows  a  out 
through  the  channel  plate  image  shown  in  the  left  graph. 


Figure  3a  shows  a  cut  through  a  channel  plate  image  measured  with  90 
keV  ArH*  projectiles  oh  He.  The  proton  velocity  along  the  beam  direction 
equals  the  projectile  velocity  v  =  .1975  au.  We  observe  a  peak  at  zero 
transverse  velocity  due  to  dissociation  of  ArH*  after  excitation  to  low 
lying  states  in  the  vibrational  continuum  of  the  ground  state.  Peaks  at 
-7.5  X  10"’  au  transverse  velocity  are  due  to  protons  being  emitted  in  the 
projectile  rest  frame  with  this  speed  transverse  to  the  beam  direction. 

In  Figure  3b  the  proton  velocity  along  the  beam  direction  equals  .1990 
au.  The  central  peak  has  disappeared  and  the  peaks  at  -7x10"’  au  are  due  to 
protons  being  emitted  in  the  projectile  rest  frame  with  the  speed  -7.5  x 
10"’  au  as  above  but  -25  deg  backwards  from  the  direction  transverse  to  the 
beam.  When  angular  distributions  at  proton  velocities  between  v  ±  .02  au 
have  been  measured,  a  map  of  the  complete  velocity  distribution  in  the  pro¬ 
jectile  rest  frame  can  be  assembled. 


1  I  5  i  1 

TRANSVERSE  VELOCITY  10‘*AU 


Figure  3.  Cuts  through  channel  plate  images  (angular  distributions) 
measured  for  90  keV  ArH'  on  He.  The  protons  result  from  the  dissociation  of 
the  ArH*  molecule  in  the  collision,  a)  The  proton  velocity  equals  the  beam 
velocity  V  -  .1975  au  b)  The  proton  velocity  is  .1990  au 
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Polarization  effects  in  inelastic  collisions  of  laser  state- 
prepared  Na(3^P,  Mj)  with  Na'^  leading  to  Na(3^D)  or  Na(3^S)  are 
discussed  for  the  energy  range  Ec,^  =  5-47. 5eV.  Studies  with 
linearly  polarized  light  can  be  explained  with  a  simple 
"locking"  model  of  the  Na( 3p)-orbi tal .  The  investigations  em¬ 
ploying  circularly  polarized  light  are  a  very  sensitive  test  of 
the  models  describing  the  nonadiabatic  angular  momentum  coup¬ 
ling  between  electronic  and  nuclear  motion.  The  dynamical 
effects  of  the  electronic  spin  on  the  angular  momentum  transfer 
are  discussed.  Recent  crossed-beam  experiments  on  the 
Na  +  O2  -  >NaO  +  0  reaction  in  the  energy  range  Ej-m  =  0.3-0.8eV 
show  a  pronounced  dependence  on  the  electronic  symmetry  of  Na. 


1 .  I n t r 0 d uctio n 


Polarizing  the  electronical  motion  of  a  sodium  atom  prior  to 
collision  with  another  heavy  particle  serves  as  a  powerful  probe 
to  test  the  fine  details  of  the  colllslonal  event.  A  simple  sys¬ 
tem  like  Na  +  Na'*’  can  be  studied  in  a  crossed  beam  experiment 
with  state  preparation  before  and  state  analysis  after  the  scat¬ 
tering  process.  This  permits  to  determine  absolute  value  and 
phase  of  the  scattering  amplitudes  (1).  For  the  quasi -one-elec¬ 
tron  system  Na  accurate  potential  curves  even  for  high  excited 
states  may  be  calculated  (2).  Semiclassical  theory  is  well  suited 
to  treat  the  dynamics  of  the  problem  and  to  study  the  effect  of 
approximations,  e.g  a  straight  line  trajectory  for  the  nuclear 
motion.  In  the  first  part  of  this  article  we  will  discuss  inela¬ 
stic  collisions  excluding  the  Influence  of  the  electronic  spin. 
The  laser  optical  pumping  of  sodium  allows  In  principle  to  ana¬ 
lyse  the  effect  of  higher  multi  poles  on  the  electronic  motion 
e.g.  the  oc topo 1 emomen t  (3).  This  makes  it  superior  to  the  parti¬ 
cle-photon  coincidence  technique  where  from  the  complete  polari¬ 
zation  analysis  of  the  emitted  light  the  highest  measurable  quan¬ 
tity  is  the  quadrupolemoment.  The  comparison  between  experiment 
and  theory  including  dynamics  of  the  electron  spin  will  reveal 
the  quality  of  the  semiclassical  methods  employed.  In  the 
last  part  of  this  work  the  reaction  dynamics  of  Na  in  the 
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3^S,  3^P,  4^S,  4^P,  4*D  and  5* S  state  reacting  with  Oo  to  NaO  +  0 
are  discussed.  The  large  excitation  energies  associated  with  the 
higher  states  of  Na  are  well  above  the  threshold  of  the  reaction. 
The  dominant  aspect  of  electronic  excitation  however  is  the  dras¬ 
tically  different  chemical  behaviour  owing  to  the  change  of  elec¬ 
tronic  orbital  symmetry  of  the  atom. 

This  article  will  not  deal  with  scattering  experiments  studying 
f i ne - s t r uc t ure  transitions  (4). 

Tl  .  Na*  (  3^  P)  +  Na'*'  scattering  experiments 


2.1  Experimental  geometry 

The  crossed  beam  apparatus  has  been  described  in  detail  before 
(1)  Briefly,  an  energy  selected  Na'*'  beam  A  E(FWHM)  =  ISOmeV  was 


FIGURE  1 

Preparation  of  the  atomic 
p-orbital  with  linearly 

polarized  light,  showing 

excitation  by  a  laser  beam 
perpendicular  to  the  colli 
Sion  plane.  The  polarization 
angle  9^  is  measured  with 
respect  to  the  Zcol 


crossed  at  90°  to  a  sodium  atom 
beam.  The  sodium  atoms  in  the 
interaction  region  were  optically 
pumped  on  the  Na(3^S,  F=2  ->3^P, 
F=3)  hyperfine  transition.  In 
fig.l  the  experimental  geometry 
for  the  situation  employing  line¬ 
arly  polarized  light  travelling 
perpendicularly  to  the  scattering 
plane  is  displayed.  Fig.  1  shows 
that  at  large  internuclear  dis¬ 
tances  one  prepared  a  1pti>  or  a 
lpci>  state  for  0-  =  90°  or  0° 

respectively. 

Owing  to  the  fine-and  hyperfine 
structure  of  sodium  not  a  pure  3p 
orbital  is  prepared  but  an  inco¬ 
herent  mixture  of  the  orthogonal 
|3pit  j  3p  n  ”>  and  1 3p  o  > 

states.  The  relative  population 
of  these  states  is  determined 
for  each  polarization  measurement 
from  the  detected  flourescence 
intensity  of  the  Na{3P)  as  a 
function  of  0^;  (5).  For  all  stud¬ 
ies  with  circularly  polarized 
light  the  laser  is  directed  per¬ 
pendicularly  to  the  scattering 
pi ane . 


2 ■ 2  1  Potential  energy  curves 

Only  presently  potential  curves  for  the  Na  ion  have  been  cal¬ 
culated  which  cover  the  energy  range  probed  in  the  present  ex¬ 
periment  (2a), {2b).  The  computations  included  122:,  lOn  and  6a 
states,  thus  covering  all  asymptotic  energies  up  to  Na  +  Na(5^S). 
The  relevant  states  of  the  quasimolecule  formed  transiently  in 


Collisions  with  Polarized  Excited  Na  Atoms 


563 


the  collision  are  depicted  in  fig. 2  ( from  ref  ( 2a )  )  . 
They  relate  to  the  processes  of  rollisional  excitation 


Na*(3^P)  +  Na-'-  - 

Na*(3^D)  +  Na-'- 

(B) 

and  deexcitation 

Na*(3^P)  +  Na-'-  - 

Na{3''S)  +  Na"'- 

(C) 

The  potentials  at  large  internuclear  distances,  where  the  dynam¬ 
ics  of  angular  momentum  recoupling  occur  are  shown  in  fig. 3. 


V[a.u) 


FIGURE  2 

On  scale  plot  of  the  four 
potential  curves  contribut¬ 
ing  to  the  processes  (B) 
and  (C)  The  positions  of 
the  relevant  curve  crossings 
are  marked 


FIGURE  3 

Long  range  dependence  of  the 
potentials  where  Na2'*'  is  dis¬ 
sociating  to  Na'*'  +  Na(3P).  The 
dotted  curves  give  the  long 
range  potentials  owing  to  qua- 
drupole  moment  and  polarizabi¬ 
lity  of  the  3p  electron. 


2.3  Linear  polarization  studies 


From  the  calculated  potential  curves  (fig. 2)  One  can  see  that  the 
inelastic  process  (B)  is  proceeding  via  the  2^1^  -  2^n|j  curve 
crossing  (B)  at  R^-  =  5.6a.u.  The  polarization  measurements  dis¬ 
played  is  fig. 4  show  indeed  that  the  maximum  scattering  signal  is 
observed  close  to  0r  =  180°  where  |po>  state  is  prepared  asymp¬ 
totically.  Here  and  in  the  rest  of  the  article  o  and  tt  will 
denote  the  prepa  ation  of  molecular  states  nt  large  internuclear 
distances  (Hund's  coupling  case  (e)  (7)),  whereas  l  and  n  denote 
the  states  of  the  molecule  at  small  distances  (Hund's  coupling 
case  (a),  (b)).  The  angular  position  y  of  the  maximum  cross  sec¬ 
tion  for  process  (B)  is  clearly  defferent  from  180°. 
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This  behaviour  can  be  understood  in  terras  of  the  "locking"  model 
which  is  illustrated  in  fig. 5.  For  convenience  the  Na'^  ion  is 
shown  at  rest  while  the  Na(3P)  is  moving 


FIGURE  4 

Polarization  dependence  of 
the  scattering  intensity  as 
a  function  of  the  angle  0^. 
In  the  upper  half  the  laser 
beam  is  propagating  perpen¬ 
dicular  to  the  collision 
plane  and  in  the  lower  half 
is  in  the  collision  plane. 


FIGURE  5 

Schematic  illustration  of  an 
effectively  repulsive  tra¬ 
jectory  and  its  influence  on 
the  alignment  angle  y  of  the 
p-charge  cloud  for  maximum 
molecular  state  preparation 
at  Rl(3P  -  30  excitation 
process ) . 


Since  the  polarization  angle  0£  is  measured  with  respect  to  the 
relative  velocity  the  situation  shown  in  fig. 5  reproduces  the 
experimental  geometry.  The  calculations  of  Allan  and  Korsch  (8) 
indicate  that  the  inelastic  transition  of  process  (B)  occur  only 
over  a  small  range  of  impact  parameters.  Thus  it  is  well  justi¬ 
fied  to  display  one  specific  impact  parameter.  Fig. 5  shows  that 
at  large  internuclear  distances  the  p-orbital  aligned  under  the 
angle  y  stays  space  fixed.  In  the  angular  momentum  coupling 
scheme  this  situation  corresoondends  to  Hand's  coupling  case  (e). 
At  internuclear  distances  close  to  Rl  the  electric  field  between 
the  ion  and  the  p-orbital  is  strong  enough  to  gradually  lock  the 
orbital  to  the  internuclear  axis  (Hand's  coupling  case  (a),  (b)). 


Fig.  6  shows  that  the  measurement  of  the  energy  dependence  of  the 
angle  y  is  in  very  good  agreement  with  semiclassical  calcula¬ 
tions  (9), (10)  In  these  computations  the  time  dependent  Schrb- 
dinger  equation  for  the  electronic  motion  under  the  influence  of 
a  nuclear  trajectory  R(t)  dependent  electronic  potential  V(R(t)) 
has  been  solved.  These  calculations  (L-reference  frame)  did  not 
include  the  couplings  owing  to  the  electron  spin  .  The  computa¬ 
tions  show  that  the  transition  from  the  space  fixed  to  the  body 
fixed  behaviour  is  occuring  in  a  "merging"  region,  where  t  -  n 
transitions  proceed.  Thus  one  finds  only  a  dominant  population  of 
the  r-state  rather  than  a  pure  one.  The  angle  y  depends  on  the 
absolute  value  and  the  phase  of  the  i;  and  n  amplitudes  (10) 
which  may  be  visualized  from  the  corresponding  situation  of  the 
Lissajou  figures. 
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In  fig.  7  the  "merging"  process  is  displayed  by  a  plot  of  the  _ 
alignment  angle  7  as  a  function  of  the  internuclear  distance,  y 
is  here  the  angle  with  respect  to  the  internuclear  axis.  At  small 
distances  R  y  is  equal  to  180°,  gradually  decreases  for  larger  R 
and  behaves  geometrically  y  -  y  ^  +  arcsin  b/RL  at  very  large  R. 


FIGURE  6 

Alignment  angle  y  as  a  function 
of  energy  for  constant  reduced 
scattering  angle  t;  excitation 
process  3P  -  30.  Dots  give 
experimental  points,  the  full 
line  represents  the  semi- 
classical  calculations. 


FIGURE  7 

Alignment  angle  y  relative  to 
the  direction  of  the  inter¬ 
nuclear  axis  as  a  function  of 
internuclear  distance  for  Na 
collisional  excitation. 


2.4  Circular  polarization  studies 


The  transitions  in  the  merging  region  lead  to  a  change  of  the 
inherent  angular  momentum  of  the  electronic  charge  cloud  by  non- 
adiabatic  coupling  to  the  nuclear  motion.  This  can  be  measured  by 
orienting  the  Na-target  with  RHC  (right  hand  circularly)  or  LHC 
(left  hand  circulary)  polarized  laser  light.  The  asymmetry  pa¬ 
rameter 

5  =  (  Irhc  '  kHc)  ^  (  'rhc  +  Uhc) 

is  closely  related  to  the  nonadiabatic  angular  momentum  transfer 
between  electronic  and  nuclear  motion  (11).  In  the  polarization 
analysis  of  light  the  quantity  S  is  dominated  "Stokes  Parameter 
P3".  In  pho ton  -  pa r t i c 1 e  coincidence  measurements  the  highest 
extractable  tensor  quantity  characterizing  the  angular  momentum 
of  the  electron  charge  distribution  is  the  quadrupole  moment 
Since  in  the  laser  optical  pumping  process  of  the  Na(3^P)  state 
many  photons  are  absorbed,  higher  mu  1 t i po 1 momen t s  e.g.  the  octo- 
pole  (3)  are  prepared  and  may  be  studied  in  the  scattering  ex¬ 
periment.  One  can  investigate  the  spin  effects  connected  with  the 
higher  moment  in  measurements  with  circularly  polarized  light. 
Fig. 8  and  Fig. 9  show  a  comparison  between  the  measured  asymmetry 
S  for  collisional  excitation  and  deexcitation  of  Na  and  calcula¬ 
tions  in  the  L-and  J-reference  frame. 
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KiUURE  8 

Circular  asymmetry  S  as  a 
function  of  laboratory 
energy.  Full  line  J-frame, 
broken  line  L- frame . 


FIGURE  9 

Same  as  fig. 8  but  P  ->  S 
collisional  deexcitation 


The  agreement  with  the  calculations  in  the  J-frame  where  dynami¬ 
cal  spin  couplings  are  included  is  excellent,  though  the  oscil¬ 
lations  present  in  fig. 8  yet  have  not  been  resolved  in  the  ex¬ 
periment.  The  oscillations  are  equally  spaced  as  function  of 
1/Vj.g]  where  v^g|  is  the  relative  velocity  of  the  colliding  par¬ 
ticles.  A  comparison  of  the  characteristic  times  in  this  system 
reveals  that  the  oscillations  are  related  to  the  orbit  preces¬ 
sion  period  calculated  from  the  average  -  V  splitting  in  the 
region  R  =  23-60a.u. 

3  Symmet; v  effects  in  the  Na*  *  0?  reaction 

The  large  energies  associated  with  electronic  excited  atoms  are 
often  high  above  the  energetic  threshold  of  endothermic  reac¬ 
tions.  Experiments  show  however  that  the  most  important  aspect  of 
electronic  excitation  is  the  dramatic  different  reactivity  owing 
to  the  change  in  the  spin  state  or  the  orbital  symmetry  of  the 
excited  atom.  This  has  been  shown  in  the  reaction  of  ground  state 
0(^P)  and  excited  0{’0)  with  or  saturated  hydrocarbons  (12). 

Orbital  alignment  effects  have  been  investigated  in  the  chemi¬ 
luminescent  reaction  of  Ca(’P)  with  small  halogenic  molecules 

(13)  The  present  study  focusses  on  the  reaction  of  Na(3^P,4^S, 
4^P,4^D,5^S)  with  molecular  oxygen  in  tiie  collision  energy  range 
Erm  =  0.3-0.8eV.  This  reaction  is  endothermic  by  2.4eV  for  ground 
state  sodium  and  zero  relative  energy  of  the  reactants 

3  1  Experimental  setup 

Details  of  the  crossed  beam  experiment  are  described  elsewhere 

(14) .  Briefly,  seeded  or  neat  supersonic  beams  of  Na  or  0^  are 
crossed  under  single  collision  conditions  at  right  angles  in  a 
scattering  chamber .  Scattered  product  is  detected  by  a  rotatable 
mass  spectrometer.  The  experimental  technique  to  maintain  a  large 
stationary  population  in  the  Na(3'P),  Na(5^S)  and  Na(4*D)  states 


Collisions  with  Polarized  Excited  Na  A  toms 
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FIGURE  10 


Laboratory  angular  distribution 
3.2  Results  and  Discussion 


by  excitation  with  two  c  w  dye 
lasers  has  been  demonstrated 
before  (15).  One  laser  is  tuned 
to  the  sodium  D2  line,  while 
the  other  is  tuned  to  the  tran¬ 
sition  from  the  Na(3^P)  level 
to  the  upper  level.  It  is  im¬ 
portant  to  remember  that  prepa¬ 
ration  of  the  Na(5^S)  or 
Na(4^D)  state  results  also  in 
considerable  population  of  the 
Na(4^S),  Na(4^P),  Na(3^P)  and 
Na(3^S)  states  . 


NaO  at  =  0 . 78eV. 


The  laboratory  angular  distributions  of  NaO  were  measured  for 
three  collision  energies  E,™  =  0.3,  C.7,  0.78eV  and  for  Na  in  the 
(5'S,4^P,4^S,3^P,3^S)  or  ( 4^ 0 , 4^ P , 4^ S , 3^ P , 3 ' S  )  states  (16) 
Fig. 10  shows  the  result  for  E^^  =  0.78eV  with  the  mass  spectrome¬ 
ter  tuned  to  q/m  =  23  because  most  of  the  NaO  fragmer.ts  to  Na'*'  in 
the  detector  ionizer 


Na^+OJi-M 


There  are  four  remarkable  features  in  the  experimental  study  of 
this  reaction: 


(1)  Since  no  reaction  is  observed  for  optical  pumping  of  the 
Na(5^S)  state  at  either  collision  energy  the  Na‘'(4^0) 
state  only  leads  to  reaction 

(ii)  The  measurements  with  Na(4'^0)  at  three  different  energies 
show  tnat  the  reaction  has  an  energy  barrier  nf  at  least 
0.3eV  and  less  than  0.7eV 
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(iii)  The  NaO  is  p redomi nan t i y  scatcered  backwards  with  respect 
to  the  incoming  sodium  atom  in  the  c .  m  reference  frame. 

(iv)  K’nematicai  considerations  show  that  the  limited  a.'oijlar 
range  of  the  NaO  product  makes  the  production 
of  NaO(A^z'^)  +  0(  D)  most  likely. 

The  backward  scattering  suggests  a  collinear  approach  geometry  of 
the  reactants.  The  reaction  only  for  Na(4^D)  implies  that  a  Na02 
A-transition  state  in  symmetry  leads  to  NaO  +  0,  since  this 
state  is  only  accessible  to  the  Na*(n^D)  state  and  not  to  the 
states  Na(n^S)  or  Na(n^P).  Fig.  11  displays  a  diabatic  correla¬ 
tion  diagram  for  Na  +  0^  in  symmetry.  Only  the  energy  of  the 
two  lowest  Na02  states  is  known  from  calculations  (17),  the  other 
energy  positions  of  Na02  are  qualitative  guesses. 
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POLARIZATION  EFFECTS  IN  ASSOCIATIVE  IONIZATION  OF  EXCITED  SODIUM  ATOMS 
Gerard  NIENHUIS 

Fysisch  Laboratorium,  Rijksuniversiteit  Utrecht,  Postbus  80  000, 

3508  TA  Utrecht,  The  Netherlands 


We  discuss  several  recent  experimental  and  theoretical  results  on  the  rate 
of  associative  ionization  of  two  laser-excited  Na  atoms,  as  a  function  of 
the  polarization  direction  of  the  exciting  radiation. 


1.  INTRODUCTION 

Illumination  of  an  atomic  vapor  with  nearly  resonant  light  can  induce  a 
large  degree  of  ionization,  either  by  photoionization  or  by  collisional  ion 
production  involving  excited  atoms  (1).  A  detailed  understanding  of  ionization 
processes  is  important  both  in  astrophysics  and  laboratory  physics. 

In  the  present  contribution  we  consider  the  collision  of  two  excited  Na 
atoms,  leading  to  associative  ionization,  as  indicated  by  the  reaction  equation 

Na(3P)  +  Na{3P)  -  Na^  +  e  .  (1.1) 

This  reaction  is  of  a  simple  type  in  the  sense  that  it  contains  only  two  frag¬ 
ments  both  in  the  initial  and  the  final  state.  The  electronic  transition  in  the 
collision  complex  may  be  looked  upon  as  molecular  autoionization.  After  the 
electron  ejection,  the  remaining  system  has  insufficient  energy  to  separate  in 
a  ground  state  Na  atom  and  a  Na*  ion,  so  that  it  is  left  as  a  bound  molecular 
ion.  The  Nat  production  in  a  Na  vapor  illuminated  with  pulsed  laser  light  has 
been  observed  by  Roussel  et  al.(2). 

An  interesting  possibility  arises  when  this  same  process  is  studied  in  an 
atomic  beam.  When  the  polarization  of  the  exciting  light  is  rotated  with  res¬ 
pect  to  the  beam  axis,  the  distribution  over  the  magnetic  substates  of  the 
initial  excited  state  is  modified,  and  the  variation  of  the  ion  production  with 
the  polarization  direction  contains  information  on  the  dependence  of  the  rate 
of  reaction  (1.1)  on  the  magnetic  substates. 

A  first  experimental  study  of  this  effect  was  performed  in  our  laboratory 
(3).  The  experiment  used  a  single  atomic  beam,  which  was  crossed  at  right 
angles  by  a  laser  beam  tuned  to  the  F=2  -  F=3  hyperfine  transition  of  the  Na-D2 
line.  A  scheme  of  the  experiment  is  given  in  figure  1.  Collisions  between  two 
excited  Na  atoms  result  from  the  velocity  spreading  in  the  beam,  leading  to 
typical  values  of  the  relative  kinetic  energy  of  15  meV.  The  exoergicity  of 
the  reaction  is  about  50  meV.  A  strong  polarization  effect  was  observed.  For 
a  linear  polarization  direction  parallel  to  the  atomic  beam,  the  production 
rate  of  NaJ  was  about  a  factor  1.5  higher  than  for  a  polarization  direction 
perpendicular  to  the  beam.  A  more  recent  experiment  by  Rothe  et  al .  (4)  gave 
strikingly  different  results.  The  ion  yield  as  a  function  of  the  angle  '■ 
between  the  atomic  beam  axis  and  the  polarization  direction  displayed  maxima 
both  for  0=0°  and  t)=90°,  with  a  minimum  at  0=45°. 

We  have  given  a  theoretical  analysis  of  the  relation  between  the  Fourier 
coefficient  of  the  NaJ  yield  as  a  function  of  o,  and  the  rate  constants  as  a 
function  of  pairs  of  magnetic  quantum  numbers  (5).  A  discussion  of  the  relative 
contribution  to  the  process  from  the  various  adiabatic  potential  curves  has 
been  given  by  Jones  and  Dahler  (6).  Here  we  review  the  present  status  of  our 
understanding  of  the  polarization  effects  of  associative  ionization. 
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Figure  1.  Scheme  of  the  experiment.  A  laser  beam  crosses  the  atomic  beam  at 
right  angles.  Both  ions  and  fluorescence  photons  can  be  detected. 

SYMMETRY  CONSIDERATIONS 

We  indicate  the  state  of  the  two  identical  atoms  before  the  collision  by  the 
density  matrix 


Since  both  atoms  Aanci  B  are  excited  by  the  same  laser  beam,  we  can  assume  that 
.'.ft  and  pg  are  identical  matrices.  The  scattering  amplitude  for  associative 
ionization  is  denoted  as  fJyVf  -  av.),  where  a  indicates  the  initial  state  of 
both  collision  partners,  is  the  initial  relative  velocity,  Vf  is  the  final 
relative  velocity  of  the  ejected  electron  with  respect  to  the  molecular  ion, 
and  't  denotes  the  final  internal  state  of  the  ion.  When  and  ,g  are  norma¬ 
lized  to  the  density  n  of  excited  atoms,  the  rate  of  ion  production  can  be  put 
in  the  form  (5) 

R  =  ::  so'iG,,!.-  <u1p;'ci'v  =  TrGc  ,  (2.2) 

X  a 

where  the  detection  operator  G  has  matrix  elements  between  internal  states  a  of 
the  pair  of  atoms  defined  by 

•.-.',G|a>  =  /dv^^.  {mV(,/u  )f(,Vf  '  av^)  f*(',v’^  -  <x'v.)  .  (2.3) 

[he  average  is  performed  over  the  distribution  of  initial  relative  velocities 
Vj .  An  integration  is  performed  over  the  unobserved  direction  of  the  ejected 
electron,  and  likewise  the  interna'  states  ,  of  the  molecular  ion  are  summed 
over.  The  reduced  masses  m  and  p  refei"  to  the  final  and  initial  states. 

If  we  expand  p/\  and  rg  inspherical  tensors  t|^q,  defined  with  the  quantiza¬ 
tion  axis  in  the  polarization  direction  for  linear  polarization,  or  the  propa¬ 
gation  direction  for  circular  polarization,  then  we  may  write  (5) 

‘  A  "  ‘k  "k’^ko  ’ 

and  likewise  for  p,,,  since  in  this  polarization  frame  the  density  matrices  are 
diagonal  in  the  magnetic  quantum  numbers,  so  that  only  components  with  q=0 
arise.  The  tensors  t,  are  related  to  the  tensors  T|(g  with  the  beam  axis  as 
quantization  axis,  by^a  simple  rotation  over  the  angle  *’  between  the  polariza¬ 
tion  axis  and  the  beam  axis.  We  expand  the  detection  operator  G  in  the  snhe-i- 
cal  tensors  Tj^^  for  both  atoms,  according  to 

From  the  axial  symmetry  of  the  distribution  function  of  the  initial  relative 
velocity  v.  and  the  identity  of  the  cwo  atoms  we  obtain  the  following  symmetry 
relations  (5) 
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f-'')  = 


g(kq;k'q')=0  for  q  +  qWO 

g(kq;k'q')  =  '‘f  g(k-q;k'-q')  ^2.6) 

g(kq;k'q' )  =  g(k'q' ;kq) 
g(kq;k'q')  =  (->‘''^'1  g*(  k-q;k  ' -q '  ) 

The  ion  production  rate  R  is  then  found  to  be  given  by 

=  Kq  k^q' 

in  terms  of  the  reduced  rotation  matrices  dqq,.  Equation  (2.7)  determines  the 
dependence  of  the  'on  production  rate  on  the  angle  between  the  atomic  beam 
axis,  and  the  polarization  axis,  which  is  the  direction  of  polarization  for  ■ 
radiation,  or  the  propagation  direction  for  "  radiation. 

Excitation  of  the  atoms  with  radiation  of  a  selected  polarization  fixes  the 
expansion  coefficients  c. .  For  linear  polarization  only  terms  with  even  k  appear. 
Measurement  of  R(0)  at  these  known  values  of  C|^  then  provides  information  on  the 
coefficients  g,  which  determine  the  detection  operator  G,  and  thereby  the 
ionization  rates  for  any  combination  of  magnetic  quantum  numbers,  as  well  as 
off-diagonal  terms,  which  depend  on  the  relative  phases  of  the  scattering  ampli¬ 
tudes.  . 

The  rotation  matrices  d^^  obey  the  symmetry  relations  (7) 

■  (2.8) 

This  leads  to  the  identities 

R(i)  =  R(-;)  =  R{r-o)  (2.9) 

for  the  ionization  rate.  Expansion  of  R  as  a  Fourier  series  gives 

R(',i)  =  V  cos(2ni:)  .  (2.10) 

n=0  " 

where  the  upper  limit  2J  follows  from  the  expressions  for  dqo,  which  cannot  have 
a  higher  Fourier  component  then  exp(;iko).  Note  that  2J  is  the  maximal  value  of 
k.  In  the  present  case  of  excitation  of  atomic  states  with  J  =  3/2,  the  maximum 
value  for  n  is  3.  For  linear  polarization  only  even  k  values  can  appear,  so 
that  n  can  only  attain  the  values  0,  1,  2  for  J  =  3/2. 

To  be  specific,  we  now  give  the  explicit  expression  for  the  Fourier  coeffi¬ 
cients  Rq,  Ri  and  R2  in  the  relevant  case  of  excitation  of  the  F=2  -  F=3  hyper- 
fine  component  of  the  Na-D2  line  with  linearly  polarized  light.  The  coefficients 
C|^  are  then  equal  to 

‘"0  '  ?  "e  '"E  ‘  1  "e  ’  (2-11) 

which  corresponds  to  the  populations  n^  =  =  1/12  n  for  M  =  --3/2,  and 

n|,(  =  5/12  n^  for  [Mj  =  1/2.  The  relevant  multipole  coefficiints  of  G  are 

p  =  g(00;00)  =  A+2B+C 

5  =  g(20;00)  =  A-C  (2-12) 

t  =  g(20;20)  =  A-2B+C 


j[K(^  ^)  +  -  ^)] 

J  1K(^  ^)  +  -  ^)] 


The  factors  K(MM')  are  rate  constants,  which  equal  the  diagonal  terms  of  G 
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K(MM')  =  MM' iG'MM'  ■  .  (2.14) 

Furthermore  we  need  the  off-diagonal  terms 

u  =  g(21;2-l)  =  |  u  '  T'  4  t 

and 

V  -  g(22;2-2)  -  <4  -  ||G  -1  !>+),■  i-yG]-  j  |>+<|  -  ^jGj-  ^  |>  .  (2.16) 

The  Fourier  coefficients  for  linear  polarization  are  then  (5) 

Rq  =  j  P  -  s  +  (lit  -  12u  +  9v)/288 

R.  =  -  5  s  t  (t-v)/24  (2.17) 

R^  ^  (9t  t  '7u  '*v;/21!- 


Eqs.  (2.17)  relate  the  observed  Fourier  coefficents  Kq,  kj 


and  R^  1°  matrix 


elements  of  G.  Only  when  the  off-diagonal  terms  u  and  v  are  neglected  can  we 
determine  the  three  coefficients  p,  q  and  r,  or  equivalently,  A,  B  and  C  from 
the  measurement  with  linear  polarization.  This  was  effectively  done  in  the 
interpretation  of  the  original  experiment  (3).  With  this  assumption  that  u  and 
V  can  be  ignored,  we  derive  an  explicit  inversion  for  A,  B  and  C  in  terms  of 
the  Fourier  coefficients,  with  the  result 


7 


*^0  ■  I  ^1 


Rq-I 


(2.18) 


=  R 


89  R 

^9  R 

41  a 

-g  *^2  • 

We  wish  to  emphasize  that  the  results  of  this  serfinn  up  to  cq.  (2.17)  are 
exact,  provided  that  the  distnoution  of  relative  velocities  of  the  excited 
atoms  is  axially  symmetric.  In  particular  we  did  not  adopt  any  restrictive 
assumption  on  the  dynamics  of  the  process.  The  sole  approximation  occurred  when 
we  neglected  u  and  v,  in  order  to  derive  eq.  (2.18). 


3.  COMPARISON  OF  EXPERIMENTAL  RESULTS 

Three  different  groups  have  performed  rather  similar  experiments  on  the  po¬ 
larization  effect  of  associative  ionization  of  two  Na(3P)  atoms,  excited  by 
linearly  polarized  light  tuned  to  the  same  hyperfine  transition  F=2  -  F=3  of 
the  D2-line  in  a  single  beam  (3,4 ,8,9).  In  Table  1  we  list  the  various  values 
of  T]  =  Ri/Rg  and  r2  =  82/^0  reported  in  these  references.  Furthermore  we  in- 
tioduce  the  parameters 

a  =  A/(A+2B+C) 

b  =  B/(A+2B+C)  (3.1) 

c  =  C/(A+2B+C) 

Then  a  is  the  relative  contribution  to  the  total  ion  production  from  an  initial 
state  with  both  atoms  in  a  state  with  [M]  =  3/2  with  the  beam  axis  as  quantiza¬ 
tion  axis.  Likewise  2b  is  the  relative  contribution  from  a  combination  of 
|M1  =  )  and  |M|  =  3/2,  and  c  from  the  state  with  IM|  =  J  for  both  atoms.  If  we 
adopt  the  assumption  that  u  and  v  can  be  ignored,  then  (2.18)  is  valid,  and 
we  can  calculate  a,  b  and  c  from  the  observed  values  of  rj^  and  r^-  The  para¬ 
meters  a,  b  and  c  (which  obey  the  obvious  identity  a+2b+c  =  1)  determine  the 
ratio  of  rate  constants  for  ionization  with  values  of  |M1  as  mentioned  above. 

We  list  the  resulting  values  also  in  Table  1. 
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’’able  1.  Values  of  rp  cy  as  observed  in  various  experiments 

and  values  of  a,  b,  c  deduced  from  these  observations 


Ref. 

''2 

a 

b 

c 

3 

0.27 

0.10 

0.41 

0.01 

0.57 

n 

-  0.01 

0.38 

1.69 

-  0.82 

0.96 

8 

0.18 

0 

0.15 

0.25 

0.35 

9a 

0.225 

0.032 

0.220 

0.179 

0.422 

9b 

0.304 

0.066 

0.278 

0.094 

0.533 

The  data  under  9a  are  measured  with  a  siiigle  atomic  beam,  just  as  the  results 
fr'^"  “cf,  3,  4  and  8.  The  mean  relative  velocity  is  evaluated  to  amount  to 
500  nis“\  The  result  9b  refers  to  collisions  between  two  atoms  from  counter¬ 
running  beams.  The  mean  velocity  in  this  case  is  about  1500  ms"  .  The  results 
of  ref.  9  are  displayed  in  figure  2. 


A.U.n 


9  — ►  degrees 

Figure  2.  Polarization  dependence  of  the  ion  production  by  collisions  in  a 
single  beam  (open  circles)  and  from  two  counterrunning  beams  {closed  circles). 

We  may  conclude  that  the  results  for  a  single  beam  from  ref.  3,  8  and  9  are 
not  in  real  conflict  with  each  other,  although  the  calculated  values  of  a,  b 
and  c  display  marked  differences.  The  differences  in  the  observed  values  of  r, 
and  ry  may  well  be  explainable  in  terms  of  slightly  different  characteristics^ 
of  the  atonic  beams.  On  the  other  hand,  the  measurement  of  rj  and  ry  as  re¬ 
ported  by  Rothe  et  al,  (4)  is  in  obvious  contradiction  with  the  other  observa¬ 
tions.  The  calculated  negative  value  of  b  in  this  case  is  clearly  unphysicul. 
Since  the  detection  matrix  G  is  positive  definite.  It  is  true  that  this  calcu¬ 
lated  value  is  based  on  the  assumption  of  a  negligible  value  of  u  and  v,  but 
some  suspicion  towards  the  result  of  ref.  4  seems  warranted. 


4.  DISCUSSION  OF  POTENTIAL  CURVES 

We  may  gain  some  insight  in  the  dynamics  of  the  process  of  associative  ioni¬ 
zation  by  discussing  the  adiabatic  potential  curves  which  correlate  to  Na(3P)  + 
Na(3P)  at  large  distances.  Model  potential  calculations  for  this  system  have 
just  been  reported  (10,11).  The  process  of  associative  ionization  can  occur  by 
population  of  the  adiabatic  states  with  an  electronic  energy  above  the 
ground-state  potential  of  NaJ.  Hence  potential  curves  which  do  not  cross  this 
ionic  curve  cannot  contribute  to  the  process.  This  is  the  case  for  curve  1  in 
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figure  3,  where  a  sketch  of  the  various  possibilities  is  given.  On  the  other 
hand,  when  a  potential  curve  crosses  the  ionic  curve  at  too  high  an  energy,  the 
contribution  of  this  curve  to  ionization  must  also  be  negligible  small,  at  least 
at  thermal  or  subthermal  kinetic  energy.  Therefore,  curve  3  in  figure  3  cannot 


Figure  3.  Scheme  of  potential  curves  for  Na+Na.  The  ionic  curve  corresponds  to 
calculations  (ref.  11),  the  curves  1,  2  and  3  are  merely  illustrative. 

appreciably  contribute  either.  Only  in  the  intermediate  case  of  a  crossing  with 
the  ionic  curve  not  too  far  from  its  minimum  is  associative  ionization  possible 
as  in  curve  2. 

In  reality,  there  are  twelve  potential  curves  that  correlate  with  the  state 
l')a(3P)  +  Na(3P)  at  large  internuclear  distance.  In  table  2  we  give  their  spec¬ 
troscopic  notation  as  well  as  the  atomic  configurations  corresponding  to  the 
adiabatic  states  for  large  interatomic  distance.  The  qerade-ungerade  symmetry 
of  eacn  configuration  becomes  apparent  after  proper  symmetrization  or  anti- 
symmetri zation  for  the  orbital  wavefunction  in  the  singlet  or  triplet  terms. 

Table  2.  Adiabatic  molecular  states  originating  from  Na(3P)  +  Na(3P),  and  the 
atomic  configurations  for  large  internuclear  distance.  The  singlet  or  triplet 
spin  states  of  the  two  valence  electrons  are  denoted  as  Xj  on  Xt-  The  indicated 
quantum  numbers  are  the  components  of  the  electronic  orbital  angular  momenta  in 
the  direction  of  the  internuclear  axis. 


,.2 

g 

|0  0>X5 

0^ 

10  0>v^ 

7,2 

ly  + 

[|1-1>  +1-1  1>]x5//2 

.i,+ 

||1-1>+1-1  l>|xt.'>'2 

0 

7T‘- 

‘Tu 

|ll-l>  -1-1  1>Jx3//2 

7,2 

[!1-1>-|-1  l>Jxt/>'2 

Tra 

‘Xg 

(Ixl  0a+|0  i1>1x5//2 

no 

l|ji  o>+ioa>ixt/''2 

•no 

1” 

“u 

1  l.-l  0>-|0  .*l>|xs/-'2 

^"n 

1  lil  OA-lOrlAjxt/r? 

7T  ^ 

|2l  il>Xs 

,,2 

’Au 

M  'i>xt 

Model  potential  calculations  (11,12)  suggest  that  the  potential  curves  which 
lead  to  electronic  states  within  the  autoionization  region  are  the  two  ’,.jj 
states,  nh'  stAte  ...,d  por.ribly  :  ’tj  ,.iiu  one  two  ^ll  states.  Since  the 

final  state  of  the  molecular  ion  is  a  state,  it  seems  reasonable  to  consi¬ 
der  first  the  states  which  contain  a  a  electron,  supposing  that  the  one-elec¬ 
tron  quantum  numbers  have  real  significance.  This  would  leave  the  'xj  state 
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as  the  first  candidate  to  contribute  to  the  ionization  process.  If  we  adopt  the 
rather  drastic  assumption  that  the  collision  process  is  fully  adiabatic,  then 
we  can  evaluate  the  population  for  each  adiabatic  state  from  the  ratios  in 
which  the  initial  density  matrix  o  branches  into  a  distribution  over  ti.e  asymp¬ 
totic  configurations  indicated  in  Table  2.  For  e.xcitaticn  with  linearly  pola¬ 
rized  light  with  an  angle  o  between  the  polarization  direction  and  the  beam 
axis  (which  is  taken  as  the  direction  of  the  ititernuclear  axis  b;fora  the  colli¬ 
sion),  the  density  matrix  of  the  excited  atoms  is 

=  CD  =  0  IM  -  i  T,  d^  (0)]'''  .  (4.1) 

A  00  3  q  2q  qo^  ' 

When  ja>  is  the  asymptotic  configuration  of  the  state  '-ty,  then  the  popula¬ 
tion  rajpja'-  as  a  function  o  is  easily  evaluated  from  (4.1),  if  we  also  use 
a  ’Cl ebsch-Gordan  expansion 


iJM>  =  ^  (4.2) 

L  s 

for  J  =  3/2,  L  =  1,  S  =  A  straightforward  calculation  gives  for  the  popula¬ 
tion  of  each  one  of  the  three  ..-substates  of  the  term  the  value 

<atp|a>  =  (-j  +  cos^o)^/36  .  (4.3) 

This  population  is  entirely  due  to  the  state  with  =  M3i  =  j.  The  resulting 
values  of  r^  and  r2  are  84/107  =  0.79  and  9/107  =  0.08,  and  the  corresponding 
'■alues  of  a,  b  and  c  are  0,  0  and  1. 

A  comparison  with  the  observed  values  as  listed  in  Table  1  shows  that  the 
deviations  for  rj  are  appreciable,  and  that  the  calculated  value  for  r2  corres¬ 
ponds  reasonably  well  with  the  range  of  observations  (except  those  of  ref.  4). 
Although  these  calculated  values  for  a,  b  and  c  do  not  agree  well  with  the 
values  determined  from  the  observations,  the  calculated  results  are  certainly 
not  absurd.  In  particular,  the  observations  indicate  that  c  is  the  largest  of 
the  three,  so  that  the  dominant  contribution  to  ionization  is  due  to  the  initial 
state  with  =  2-  deviations  could  indicate  that  more  than  one 

potential  curve  contributes  to  ionization.  In  fact,  this  conclusion  was  drawn  in 
a  recent  paper  by  Jones  and  Dahler  (6).  These  authors  performed  a  calculation 
of  the  6-dependence  of  the  contribution  of  some  of  the  potential  curves,  assu¬ 
ming  complete  auiabaticity .  They  suggested  the  'Zg  state  as  the  most  reactive 
one,  since  its  crossing  with  the  ionic  curve  was  favorable  in  the  calculation  of 
ref.  10.  This  is  no  longer  true  in  the  more  extensive  calculation  of  ref.  11. 

The  9-dependence  for  this  curve  is  precisely  the  same  as  for  the  curve  o-  V.J, 
which  we  suggest  as  the  dominant  contributor,  on  the  basis  of  these  new  cal¬ 
culations.  The  conclusion  of  ref.  6  that  at  least  two  adiabatic  states  contri¬ 
bute  to  the  process  seems  not  to  be  necessary.  The  deviation  of  the  observed  i- 
dependence  of  the  ion  signal  from  the  calculated  dependence  (4.3)  may  well  be 
due  to  non-adiabatic  coupling,  in  particular  rotational  coupling  at  large  dis¬ 
tances,  where  the  curve  separation  is  not  large  enough  to  cause  complete  adia¬ 
batic  reorientation.  This  coupling  could  lead  to  population  of  the  c'  FZy  curve 
resulting  from  atom  pairs  with  or  [Mg;  equal  to  3/2  at  large  separation. 


5.  CONCLUSIONS 

A  comparison  and  evaluation  of  the  observed  polarization  effects  in  the 
reaction  (1.1)  shows  that  the  results  of  ref.  3,  8  and  9  are  compatible  with 
each  other  and  with  a  simple  interpretation  in  terms  of  a  single  or  a  few 
reactive  Born-Oppenheimer  states,  with  some  non-adiabatic  coupling  on  the  in¬ 
coming  trajectory.  The  observation  of  (4)  seems  hard  to  explain  in  any  model, 
since  itproducesa  negative  cross  section  for  some  combination  of  values  of 
^A  least  when  the  off-diagonal  terms  of  the  detection  operator  G  are 

not  excessively  large. 

The  best  candidate  for  the  most  reactive  adiabatic  state  seems  to  be  J. 
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According  to  the  calculations  of  ref.  11  this  curve  crosses  the  ionic  curve 
at  »  favorable  internuclear  distance  and  energy,  and  its  choice  is  in  line  with 
the  observation  of  dominant  values  of  c,  which  leads  to  a  major  contribution 
from  asymptotic  o-states. 

It  is  remarkable  that  the  same  cbservation  at  larger  relative  kinetic  energy 
produced  an  enhanced  polarization  effect,  with  larger  values  of  rj  and  rp,  as 
listed  in  the  last  line  of  Table  1.  Stronger  non-adiabati c  coupling  would 
probably  lead  to  a  decrease  of  the  polarization  effect,  since  more  asymptotic 
states  would  contribute  to  the  reactive  adiabatic  states.  This  observation 
could  indicate  that  the  reaction  probability  is  unly  partly  due  to  a  polariza¬ 
tion-dependent  mechanism  as  discussed  above,  which  has  a  positive  reaction 
energy,  corresponding  to  the  energy  at  the  crossing  of  the  dominant  adiabatic 
curve  and  the  ionic  curve.  A  detailed  study  of  the  velocity  dependence  of  the 
polarization  effect  and  of  the  reaction  rate  would  be  worthwhile.  Another 
extension  of  the  measurements  done  sofar  could  be  the  excitation  with  circular¬ 
ly  or  elliptically  polarized  light.  This  would  allow  a  full  determination  of 
the  detection  operator  G,  including  its  off-diagonal  terms  (5). 
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Using  transverse  excitation  of  a  collimated  metastable  Ne(3s  'P^,,,j)  atom  beam 
with  linearly  polarized  single  mode  dye  lasers  we  have  investigated  ionizing 
thermal  energy  collisions  of  polarized  Ne(3s ,3p,4s ,4p,4d )  atoms  with  Ar  atoms. 
The  resulting  electrons  have  been  energy  analyzed  with  a  high  resolution, 
two-stage  hemispherical  condenser.  The  measured  electron  energy  spectra  re¬ 
flect  substantial  differences  between  the  interaction  potentials  for 
Ne(3s)+Ar,  Ne(3p)+Ar  and  Ne(4s,4p,4d)+Ar;  for  Ne(3p  'D,)+Ar,  they  reveal 
structure  due  to  different  Q-corr.ponents.  The  spectra  exhibit  a  more  or  less 
strong  dependence  on  the  asymptotic  polarization  of  the  excited  atoms  (rela¬ 
tive  to  the  direction  of  relative  velocity),  as  induced  by  the  optical  pum¬ 
ping  process.  Model  calculations  of  the  electron  spectra  and  their  polariza¬ 
tion  dependence  have  been  carried  out  for  Ne{3s  ‘P;,)+Ar  and  Ne(3p  'Dj)+Ar, 
using  computed  potentials  for  Ne(3s,3p)+Ar  and  semiempirical  Ne+Ar+  poten¬ 
tials.  Autoionization  of  the  collision  system  is  found^to  occur  mainly  by 
Ar(3po )-Ne(2po )  transfer  along  with  ejection  of  the  Ne  valence  electron. 


1.  INTRODUCTION 

Tunable  lasers,  especially  stabilized  cw  single  mode  dye  laser,  have  been 
used  by  several  groups  to  investigate  collisions  of  laser-excited  short-lived 
atoms  with  atoms  and  molecules  (e.g.  1-3).  A  point  of  particular  interest  (4-18) 
is  the  search  for  polarization  effects,  i.e.  for  a  dependence  of  observables  on 
the  polarization  direction  (relative  to  the  collision  axis,  typically  the  di¬ 
rection  of  the  relative  velocity).  Such  polarization  effects  constitute  sensitive 
probes  of  the  dynamic  behaviour  of  the  collision  system.  Some  time  ago,  we  have 
started  a  program  to  investigate  ionizing  collisions  of  state  selected  heavy 
rare  gas  metastable  atoms  X(mp^(m+l)s  ^P.-.  o)  (X=Ne,Ar,Kr)  and  of  laser  excited, 
short  lived  states  X(rap^  ns.)  by  high  resolution  electron  spectrcmetry  and  mass 
spectrometry  (4,14,15).  It  is  our  aim  to  gain  insight  into  the  ionization  mecha¬ 
nism  in  collisions  with  states  of  medium  to  high  excitation  and  to  test  poten¬ 
tial  curves  for  such  multi-state  systems.  As  a  first  example,  we  have  reported 
results  for  Ne(3p  J=l,2,3)+Ar  (14,15).  A  substantial  polarization  effect  was  ob¬ 
served  for  Ne(3p  ^Dj)+Ar  and  discussed  in  detail  (14,15),  whereas  first  investi¬ 
gations  showed  only  a  small,  essentially  negligible  polarization  effect  for 
Ne(3s  *P^)+Ar  (14,15).  The  potential  curves  for  these  two  systems,  shown  in  Fig. 
1,  are  rather  different  and  the  fi-splittings  are  very  small  for  Ne(3s  (15, 

19,20).  Therefore,  polarization  effects  for  the  Ne(3s  )+Ar  systems  have  to  be 
associated  with  a  selectivity  of  the  autoionization  probability  due  to  the  pola¬ 
rization  of  the  Ne(2p'‘)  core.  Morgner  (21)  has  shown  in  an  analysis  of  the  ano¬ 
malous  fine  structure  branching  ratios  found  for  Ne(3s  -P.>,  (W^Ar  (22)  that  these 
data  reflect  the  interference  between  the  dominant  electronic  transition  ampli¬ 
tude  uoii  involving  Ar(3po)  to  Ne(2po)  transfer  and  the  non-negl  igible  amplitude 
uii="0-106  Uoij  associated  with  Ar(3pii)  to  Ne(2pii)  transfer.  The  more  complicated 

“Present  address:  Joint  Institute  for  Laboratory  Astrophysics,  Boulder,  Colo. 
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FIGURE  1 


Potential  energy  curves  for 
the  excited  molecular  states 
Ne(3s  ^P)  +  Ar  and 
Ne(3p  ^D)  +  Ar,  calculated 
by  a  perturbation  method 
described  in  reference  (14). 
The  given  potential  energies 
are  in  meV  and  relative  to 
the  energy  of  the  molecular 
Ne(3p  ’D3=2pg)  +  Ar  state. 

Note  the  negligible  S3-split- 
tings  between  the  different 
■:i-components  of  Ne(3s-P-)+Ar 
for  R >  6  i 


analysis  of  the  Ne(3p)+Ar  systems  (15)  has  led  to  similar  conclusions  for  the 
respective  amplitudes;  moreover,  it  was  shown  how  the  asymptotic  polarization 
influences  the  effective  population  of  the  different  r>-states  for  Ne(3p  -DO+Ar 
at  distances  where  autoionization  occurs. 

In  the  meantime,  we  have  carried  out  further  experiments  under  improved  ex¬ 
perimental  conditions.  For  Ne(3s  *P..),  we  have  now  been  able  to  clearly  detect 
a  polarization  dependence  of  the  electron  spectrum,  both  in  shape  and  total  in¬ 
tensity.  Model  calculations  assuming  z  space-fixed  core  polarization  along  clas¬ 
sical  trajectories  on  the  potentials  of  Fig.  1  and  n-dependent  autoionization 
widths  based  on  the  amplitudes  u,.;;,  Un  given  above  have  been  carried  out  and 
are  found  to  reproduce  the  experimental  findings  in  a  satisfactory  way.  We  com¬ 
pare  the  results  with  those  for  Ne(3p  'D3)+Ar,  for  which  we  present  improved  da¬ 
ta  at  three  collision  energies,  and  briefly  discuss  new  results  obtained  for 
Ne(4s  -^PJ,  Ne(4p  ^d,),  Ne(4d  %)+Ar. 


2.  EXPERIMENTAL 

Fig.  2  shows  a  semi -schematic  drawing  of  the  apparatus  (15).  A  wel 1 -col  1 ima- 
ted,  metastable  Ne(3s  ’P.,  j)  beam  from  a  differentially-pumped  dc  discharge 
source  (velocity  spread  about  30%  of  peak  velocity)  is  state-selected  by  anti- 
collinear  excitation  and  removal  of  either  metastable  component  via  a  suitable 
Ne(3p)  state  with  a  multimode  dye  laser  (bandwidth  around  10  GHz,  mode  spacing 
63  MHz,  power  around  200  mW).  Transverse  excitation  of  Ne(3s  'P_.)  atoms  with 
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FIGURE  2 

Semi-schematic  drawing  of  apparatus 


linearly-polarized,  frequency-stabilized  single  mode  dye  lasers  (640.2  nm, 

576.6  nm)  leads  to  substantial  populations  of  the  Ne(3p  'D.)  and  Ne(4d  F.) 
states  and  -  via  spontaneous  emission  -  of  the  Ne(4p  'D.)  and  Ne{4s  "P  )  states 
in  the  reaction  center,  where  an  effusive  target  beam  crosses  the  lie  beam.  The 
ionization  processes  of  the  mentioned  states  with  Ar  are  separated  by  energy 
analysis  of  the  released  electrons  with  a  high  resolution  (10  meV),  low  back¬ 
ground  two-stage  hemispherical  condenser. 

In  most  cases,  the  direction  of  the  electric  vector  El  of  the  transverse  la¬ 
sers  was  chosen  parallel  (ii,  ,9=0°)  or  perpendicular  0=9OO)  to  the  direc¬ 

tion  of  relative  velocity.  The  polarization  dependence  of  the  signal  is  expected 

(9,14)  to  have  the  form  I{9)=a  a, cos  2n9,  where  J  is  the  angular  momentum  of 

the  excited  Ne*  atom.  Test  measurements  of  1(9)  for  the  total  electron  intensity 
showed  only  small  contributions  from  terms  with  n  1.  The  Ne(3s  P  )  state  may  be 
polarized  through  optical  pumping  to  the  Ne(3p  *D.)  state  in  a  region  upstream 
(-.8  mm)  from  the  reaction  center.  With  a  sacrifice  in  signal,  the  Ne(3s  'P  ) 
state  can  be  prepared  in  a  pure |M ,  =0(1! 1 1)  population  by  excitation  to  any  of  the 
Ne(3p  J=2)  states;  the  [Mi =1,2  levels  are  removed,  whereas  the  Ne{3s  'P  ,  M  =0) 
level,  which  cannot  be  excited  by  linearly-polarized  light  for  a  J=J'  transi¬ 
tion,  even  gains  population  through  spontaneous  decay  from  laser  excited 
Ne(3p  J=2,iM|=l).  We  have  used  the  transition  -  Ne(3s  'P, )--  Ne(3p  'D  )  at 
633.4  nm,  for  which  the  final  •' 'Ne(3s  ’P  M=0)  population  is  calculated  (23)  to 
be  28.7  .  of  the  total  initial  ■'  Ne(3s  'P^)  population.  In  the  evaluation  of  the 
data,  one  has  to  correct  for  the  signal  due  to  the  fraction  of  unpolarized,  non- 
pumped  -  ’’'  ^6(35  ^P  )  atoms,  which  amounts  to  9.9'.  of  the  initial  Ne  popula¬ 
tion. 

Table  1  summarizes  the  values  for  the  alignment  M,  (1,23,24)  and  the  asympto¬ 
tic  (:=iM!  populations  s(i,.>),  which  result  from  the  two  mentioned  optical  pumping 
schemes;  for  ;i  n  ,  the  collision  frame  and  the  photon  frame  coincide,  whereas  for 
I  ,  the  given  values  for  s(i.’)  correspond  to  the  diagonal  elements  of  the  '  u  - 
density  matrix  after  rotation  through  90O,  The  influence  of  residual  magnetic 
fields  (  lO"'  T)  and  depolarizing  collisions  (target  density  5xlO‘'7cmM  on 
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the  ..-distribution  is  negligible  under  our  experimental  conditions. 

Table  1:  Alignment  and  asymptotic  populat’ons  s(.  )  .  ..  for  Ne{3s  P  )  and 
_ Ne(3p  ^Di)  atoms  polarized  by  laser  optical  pumping  (see  text). 


Polarized  Level 

— 

M2 

s(0)  s(l)  s{2)  s(3) 

Ne(3s  ^P^)  via  Ne(3p  J=2) 

-1.195 

100  0  0  - 

25  0  75  - 

Ne(3s  ^P^)  via  Ne(3p  ^D^) 

-0.797 

47.6  47.6  4.8 

13.7  26.0  60.1  - 

Ne(3p  ^D2)from  Ne(3s  ^P^) 

-0.962 

47.6  47.6  4.8  0 

8.9  20.8  17.3  53 

3.  RESULTS  AND  DISCUSSION 


Fig.  3  shows  the  electron  energy  spectra  due  to  ionizing  collisions  of  state- 
selected  Ne(3s  ■’F2)  atoms  with  Ar  atoms  at  two  Ne  velocities  (Vm^^SOO  m/s, 

1200  m/s)  and  for  the  two  polarizations  tu  and  ,  created  by  optical  pumping 
via  Ne{3p  0  -2pg),  see  Table  1.  The  total  cross  section  (integrated  spec¬ 

tral  intensity)  is  found  to  exceed  Q(;:x)t  and  one  recognize  a  shift  of  the  n  - 
spectra  towards  higher  electron  energies.  The  fine  structure  branching  ratio 
F=Q{3/2)/Q(  1/2)  is  slightly  larger  for  tj.  than  for  ::||  and  in  satisfactory  agree¬ 
ment  with  the  earlier  unpolarized  data  of  Hotop  et  al.  (22);  these  authors  have 
already  given  a  qualitative  discussion  of  the  shape  of  the  peaks,  which  signals 
a  very  small  {c5  meV)  attraction  in  the  entrance  channel  V*(R)  (19,20)  and  an  es¬ 
sentially  monotonic  difference  potential  V  (R)-V'^(R),  increasing  with  decrea¬ 
sing  R.  These  findings  are  in  full  accord  with  the  behaviour  of  the  potentials 
V  (R)  in  Fig,  1  and  of  the  ionic  potentials  V^iR)  for  Ne+Ar'*'  (15).  We  note  that 
our  calculated  potentials  V  (R)  for  Ne(3s  P  )+Ar  (Fig.  1)  deviate  somewhat  from 
the  two  potentials,  which  have  been  extracted  from  independent  elastic  differen¬ 
tial  scattering  data  (19,20);  our  potential  is  roughly  an  average  between  these 
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FIGURE  3 

Electron  energy  spectra  for  ionizing 
collisions  of  state-selected,  pola¬ 
rized  metastable  Ne(35  ’Pj)  atoms 
with  Ar  atoms,  measured  with  an  elec¬ 
tron  energy  resolution  of  about  10 
meV{FWHH  of  73.6  nm/Ar^l-^ P,^^ )  pho¬ 
toelectron  peak;  other  photoelectron 
peaks  have  been  subtracted).  Polari¬ 
zation  was  achieved  by  optical  pum¬ 
ping  to  the  Ne(3p  ^D^)  level.  The 
vertical  lines  denote  the  nominal 
electron  energies  for  Ne(3s  / 
at  0.860  eV  and 
0.682  eV,  respectively. 
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two  potentials.  Data  for  Ne(3s  P  )+Ar  were  also  obtained  by  polarization  via 
the  Ne(3p  D  =2p.)  state;  they  snow  the  sarae  trend  as  in  Fig.  3,  but  a  smaller 
ratio  Q(:  ||)/Q(r:  I ) ,  as  expected  fnr  the  less  perfect  asymptotic  conditions  (see 
Table  1). 

Fig.  4  presents  improved  data  for  Ne(3p  'D,)+Ar,  measured  -  as  the  spectra  in 
Fig.  3  -  with  10  mcV  resolutio.  {''WHM).  Both  fine  structure  components  exhibit 
sub-structure  due  to  the  energy-split  -components  of  V  (Rj  (see  Fig.  1).  1  he 
velocity  -  and  polarization  dependent  peak  at  higner  electron  energies  is  due  to 
the  potential  maximum  in  the  ;.=0  channel  (15).  The  energy  locations  and  widths 
of  the  spectra  are  compatible  with  the  calculated  potentials  (Fig.  1)  together 
with  our  semi -empi  rica  1  ionic  potentials  V't(R)  (15).  The  spectral  shapes,  total 
areas  and  fine  structure  branching  ratios  are  all  found  to  strongly  depend  on 
the  asymptotic  polarization  (see  Table  2). 

A  rather  detailed  analysis  has  been  previously  reported  for  Ne(2p.)+Ar.  A 
semi c lass ica 1  close  coi  ling  method  was  applied  to  describe  the  evolution  of  the 
polarized  collision  system  in  the  coupled  entrance  ciiannels  (including 
lle(2p  }+Ar)).  It  was  realized  that  the  experimental  polarization  effects  could 
not  be  reproduced  with  an  -independent  local  autoionization  width  l'(R),  which 
leads  to  a  calculated  ratio  Q(:  i|)/Q(  j.)  of  1.01  and  F=2  independent  of  polariza¬ 
tion.  A  dependence  of  the  width  on  the  initial  and  final  state  ..as  therefore  in¬ 
troduced  and  expressed  in  terms  of  a  small  number  of  reduced  electronic  transi¬ 
tion  matrix  elements  Un,+n;<.nty,  (m+.nij-.m^  are  the  projection  quantum  numbers  of  the 
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FIGURE  4 

Electron  energy  spectra  fc*‘  ioni¬ 
zing  .-pllisions  of  laser-excited, 
polarized  Ne(3p  ’D3=2pq)  atoms 
with  Ar  atoms,  measured  with  an 
electron  energy  resolution  of 
about  10  meV.  ihe  vertical  lines 
denote  the  nominal  energies  for  E 
Ne(3p  ^Dj/ArM2P3/2,i/2)  at  ° 

2.796  eV  and  2.618  eV,  respectively. 
The  .strongly  polarization-  and 
velocity-dependent  high  energy 
peaks  at  electron  energies  around 
Fei(3/2)  =  Eo{3/2)  +  52  meV  and 

Eel (1/2)  =  Eo(1/2)  +  44  meV  are 

due  to  the  Q  =  0’  entrance  c.annel  , 
see  Fig.  I  and  also  the  discussion 
in  reference  f 1 5) . 
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Table  2:  Polarization  dependence  of  total  cross  sections  Q  and  fine  structure 
branching  ratios  F  for  Ne(3s  P  )+Ar  and  Ne(3p  D.j+Ar. 


Sys  tec! 

f;::„) 

'Jei’3s 

800 

1.26(6)^ 

1.56(6) 

■-•63(!;) 

DoIari2ecl  via 
Ne[.M  J=2) 

1,200 

1.14{.i)- 

- 

Ne(3p  "D,:-Ar 

500 

1,41(5, 

1 . 26 ; 6 ) 

1.68(7) 

;./umped  fron 

300 

1,42(4) 

1.23f5) 

1.69(6) 

1 ,200 

1.45(4) 

:.20(5) 

1.79(12) 

■^Corrected  for  contri Dutions  from  snoolarized  'P-li-Ar  roliisions  :o 

the  experimental  spectra  (Fig.  3).  ^ 


orbit.!.  .:i!gular  mnnienta  of  the  Ar+-1on,  of  the  Ne*-core,  and  of  the  ‘le*  valence 
electi'on  with  respect  to  the  internoclear  axis).  Sy  comparison  of  measured  an' 
calculated  values  for  Q  and  F  for  tiie  eight  Ne(3p  J=l,2,3)+Ar  systems  (14,15) 
the  important  u„i,_n),.m,^'"ere  determined  as  (15):u  ;_  =  1.76(+  10';;;  u  -■=1.26(+  5':); 
u  ^ ; -.  =  -0. 25(m  12S);  u  ■  ■  , =-0. 33(  r40 .-) ,  i.e.  ."r(3po)  to  Ne(2p:)  transfer,  acconica- 
nied  by  some  Ar(3o-)  to  rte(2p-i  transfer,  dominates  the  autoionization  process. 

For  i'')e(3s  -P  l+Ar,  we  have  taken  the  following  approach  in  an  attempt  to  ra¬ 
tionalize  the  observed  polarization  effect;  in  view  of  the  small  energy  split¬ 
tings  between  the  di fferenc '.-components  of  '■/*(R)  (Fig.  1),  we  assume  that  the 
core  polarization  can  be  considered  as  space-fixed  throughout  the  collision 
along  classical  trajectories,  as  'illustrated  in  Fig.  5.  Our  model  calculations 
of  the  total  and  partial  cross  sections  consist  of  adding  incoherently  the  sum 
of  all  autoionization  contributions  for  all  impact  parameters  along  the  respec¬ 
tive  curved  trajectories  with  local  .-dependent  widths  :  {R)=w--r(R),  which  con¬ 
tain  constant  weights  w  (as  fixed  by  u_^/u  =-0.106)  and  a  reasonable  choice 

for  a  common  R-dependence .  ’-.t  each  R  for  any  trajectory  the  diagonal  and  ncn- 
diagonal  elements  of  the  system's  density  matrix  lose  '"lux  by  auo-'ionization  ac¬ 
cording  to  their  appropriate  coupling  width,  as  will  be  described  in  detail 
elsewhere  (25).  The  density  matrix  is  propagated  along  the  trajectory  from  the 
staiting  asymptotic  density  matrix  by  repeated  infinitesimal  rotations  accordina 
to  the  rotation  of  the  internuclear  axis  (body  fixed  fra, me)  'vith  respect  to  the 
space-fixed  frame.  So  far,  calculations  have  been  carried  out  with  the  choice 
r(R)=A  exp(-5(R-Rg) )  (A=4  meV ,  6=1.5  a^’l  Rq=6  ag),  which  yields  reasonable  agree¬ 
ment  of  the  computed  cross  sections  with  the  experimental  energy  dependence  of 
the  to  .a  1  ionization  cross  section  (19,2'i~29)  and  of  the  electron  eneray  spectra 
(Fig.  i).  The  calculated  Q(T|()/C)('.j_)  show  a  broad  maximum  in  the  range 
E,-g]=j0-/0  met  with  values  around  1.2/  and  decrease  at  higher  and  lower  energies 
(range  5-200  meV).  Calculations  of  the  electron  spectra  for  .tn-and  3j.-condi tions 
qua  1 . ta ti vel y  reproduce  the  changes  seen  in  Fig.  3.  A  more  detailed  description 
of  the  model  and  results  will  be  given  elsewhere  (25). 

We  conclude  our  report  with  a  brief  discussion  of  tne  results  (30)  for  the 
electron  spectra  of  Ne(4s  J=2)+Ar,  Ne(4p  J=3)+Ar,  and  Nefaq  ,'.=4;+Ar.  Since  these 
systems  are  Rydberg  states  attached  to  the  Ne''‘-Ar  ionic  p?*^.entia  1  s ,  one  expects 
well  depths  of  comparable  size,  especially  for  non-penetrat  ,nn  Rydberg  orbitals 
such  as  f(e(4d).  In  agreement  witii  recent  esults  for  Ne'^+Ar(3i),  the  well  depth 
for  Ne(4d)+Ar  is  found  to  be  close  to  160  meV  as  concluded  from  the  location 
o:  i^he  low-unergy-edqe  of  the  spectra;  those  for  Ne(43,4p)+Ar  are  about  30  ...aV 
smaller.  These  Endings  are  in  good  qualitative  agreement  with  the  behaviour  o* 
the  ila(4s,4d)+Ar  potentials,  calculated  by  Diiren  et  al.  (32).  Only  the  Ne(4p)!-Ar 
spectrum  shows  a  significant  polarization  effect,  again  favouring  ::  ||-preparation 
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FIGURE  5 

Illustration  of  the  classical  model  used  to  explain  the  polarization 
dependence  observed  in  ionizing  Ne(3s  ’Pzl+Ar  collisions.  The  asymptotic 
atomic  polarization,  prepared  by  laser-optical  pumping,  is  considered  as 
space-fixed  along  the  classical  trajectories  in  view  of  the  small 
..-splittings  for  this  system. 

and  compatible  with  expectations  on  the  basis  of  the  Na(4p)+Ar  interactions  (32). 

From  a  comparison  of  the  relative  polarization-averaged  electron  intensities 
with  the  relative  time-integrated  excited  state  densities  (30),  one  can  deter¬ 
mine  the  relative  cross  sections  Q  for  the  three  systems.  From  data  measured 
with  the  experimental  setup  shown  in  Fig.  2  and  the  electron  detector  positioned 
at  60°  (relative  to  the  Ne*-beam),  we  have  found  with  uncertainties  of  10-20. 
(30)  Q(4d )  :Q(4p) :Q(4s )=0. 14 :0.86 : 1 ,  i.e.  an  unexpectedly  small  ionization  cross 
section  for  Ne(4d  J-4)+Ar. 

In  order  to  rule  out  electron  angular  distribution  effects  as  a  major  source 
for  the  observed  anomalous  cross  section  ratio,  we  have  repeated  the  experiment 
in  a  different  apparatus;  a  cylindrical  mirror  analyzer  with  its  axis  perpendi¬ 
cular  to  the  neon  and  laser  beams  samples  all  electrons  ejected  into  a  narrow 
cone,  which  encloses  the  "magic"  angle  (54.7°)  with  the  symmetry  axis.  The  tar¬ 
get  gas  beam  was  directed  along  this  axis.  As  before,  the  Ne(4s,4d)+Ar  spectra 
showed  no  significant  polarization  dependence,  and  the  relative  polarization- 
averaged  cross  sections  came  out  as  Q(4d)  •.Q(4p)  ;Q(4s)=  0. 16(2 ) -.0. 87 ( 4) ;  1  in 
good  agreement  with  the  earlier  data  (30). 

In  view  oj  this  result  and  the  similarity  of  the  electron  spectral  shapes  and 
potentials  V  (R)  for  these  three  systems,  it  is  most  likely  that  the  comparati¬ 
vely  small  ionization  cross  section  for  Ne(4d  J=4)+Ar  reflects  a  low  autoioniza- 
tiun  width  (we  note  that  collisional  mixing  with  the  nearby  Ne(4f)+Ar  states  may 
also  play  a  role  (33)).  Whether  our  results  for  Ne(4s ,4p,4d )+Ar  indicate  a  ge¬ 
neral  behaviour  for  Penning  ionization  of  ground  state  atoms  X  in  collisions 
with  A^nj)  Rydberg  states  (which  are  not  electric  dipole-coupled  to  the  ground 
state  A)  remains  to  be  seen. 
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ENEKGY  TRANSFER  PROCESSES  OF  ALIGNED  EXCITED  STATES  OF  Ca  ATOMS 
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Effects  of  orbital  alignment  on  the  near  resonant  energy  transfer  process 
from  Ca(4s5p  iPi)  to  Ca(4s5p  ^Pj)  induced  by  collisions  with  rare  gases 
are  studied  in  a  crossed  molecular  beam.  A  linearly  polarized,  pulsed 
ultraviolet  laser  is  used  to  introduce  the  initial  orbital  alignment,  and 
the  relative  energy  transfer  cross  sections  as  a  function  of  alignment  are 
monitored  by  time-gated  fluorescence  detection.  Different  results  are  ob¬ 
served  with  several  rare  gases;  a  rather  large,  -50%  enhancement  in  the 
rate  is  observed  for  the  perpendicular  vs.  parallel  approach  with  He  and 
Ne.  A  smaller,  but  opposite  effect  is  observed  for  Xe,  and  no  effect  of 
alignment  occurs  with  Kr, 


1,  INTRODUCTION 

Studies  of  the  effects  of  alignment  on  inelastic  collision  phenomena  are 
just  beginning.  In  spite  of  the  fact  that  there  are  very  few  direct  measure¬ 
ments  of  the  influence  of  atomic  or  molecular  alignment  on  energy  transfer 
probabilities,  a  number  of  recent  experiments  show  promising  new  details  con¬ 
cerning  the  effects  of  alignment  and  orientation  on  both  reactivity  and  energy 
transfer  (1-10).  Such  experiments  have  the  capability  to  elucidate  important 
geometry-dependent  aspects  of  potential  energy  surfaces  and  the  curve  crossing 
mechanisms  that  occur  during  collisions. 

In  the  experiments  to  be  described  here,  a  simple  energy  transfer  system 
is  considered  between  near  resonant  states  of  electronically  excited  calcium 
atoms  induced  by  collisions  with  rare  gas  atoms.  The  particular  process  of 
interest  is  the  near  resonant  spin-change: 

Ca(4sbp  ^P;)  +  M  +  Ca{4s5p  +  M  +  4E  =  177  cm'^ 

Since  the  wave  functions  of  the  two  electronically  excited  states  in  this  case 
are  mixed,  the  spin  change  is  not  rigorously  forbidden.  A  facile  transfer  oc¬ 
curs  even  with  weak  perturbers  such  as  rare  gas  atoms  and  has  the  appearance 
more  like  a  fine  structure-changing  process. 

This  energy  transfer  system  provides  an  almost  ideal  case  for  both  experi¬ 
mental  and  theoretical  studies  of  the  effects  of  orbital  alignment  on  a  near 
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resonant  eneryy  transfer  process  that  involves  a  curve-crossing  mechanism. 
Several  experimental  advantages  can  be  noted.  Because  of  the  absence  of  nu¬ 
clear  spin  hyperfine  interactions,  the  Ca  iPj  state  can  be  completely  aligned 
via  direct  excitation  from  a  linearly  polarized,  pulsed  ultraviolet  laser  at 
272  nm.  These  are  the  first  experiments  on  alignment  effects  which  employ 
pulsed  laser  excitation;  the  high  signal-to-noise  is  encouraging  for  the  fu¬ 
ture  success  of  other  studies  requiring  pulsed  lasers  to  achieve  wavelengths 
not  available  with  cw  lasers.  The  short  60  ns  lifetime  of  the  iPi  state  mini¬ 
mizes  the  loss  of  the  initial  alignment  by  interaction  with  the  Earth's  mag¬ 
netic  field  to  about  5-10%.  Fluorescence  transitions  from  both  the  ’P j  and 
3Pj  states  are  readily  monitored  simultaneously  in  the  visible  region  of  the 
spectrum  with  time-gated  detection  to  obtain  the  relative  transition  proba¬ 
bilities  as  a  function  of  orbital  alignment. 

In  consideration  of  the  theoretical  aspects  of  this  problem,  the  Ca*  +  rare 
gas  systems  are  relatively  easy  ones  to  obtain  potential  energy  surfaces.  It 
should  be  possible  in  the  two-atom  system  to  incorporate  all  the  important  as¬ 
pects  of  angular  momentum  coupling  from  initial  to  final  states  and  to  calcu¬ 
late  the  dynamics  of  the  energy  transfer  process. 


2.  EXPERIMENTAL 

The  experimental  apparatus  (Fig.  1)  consists  of  crossed  beams  between  Ca 
atoms  and  the  rare  gas,  a  pulsed,  frequency-doubled,  Nd:YAG-pumped  dye  laser, 
a  polarization  rotator  (Pockels  cell  or  Fresnel  rhomb),  photomultiplier  tubes, 
and  time-gated  photon  counting  equipment  (1).  The  Ca  beam  is  an  effusive  beam 
from  an  oven  at  851)  K,  The  beam  is  skimmed  by  an  orifice  place'  0.75  cm  away 
from  the  Ca  nozzle  to  produce  a  -0.3  mm  diam.  beam  at  a  distance  of  1.5  cm 
from  the  nozzle.  The  rare  gas  beam  is  a  continuous,  supersonic  expansion  from 
a  lUO  izn  orifice  which  is  placed  7  mm  below  the  Ca  beam.  The  rare  gas  beam  is 


PHOTOMULTIPLIERS 


Schematic  of  the  crossed  beam  apparatus  for  studies  of  energy  transfer  with 
al igned  Ca  . 
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established  with  a  backiny  pressure  of  1  atm  behind  the  orifice.  The  fluxes 
of  both  atom  beams  and  the  required  relative  velocity  vectors  are  calculated 
from  the  properties  of  the  expansions  and  have  been  discussed  in  detail  before 
(1).  Linder  typical  conditions,  only  one  excited  atom  in  10“*  suffers  a  colli¬ 
sion  that  results  in  transfer  of  the  ip ,  state  to  the  Tpj  states. 

The  pulsed  dye  laser  is  frequency  doubled  and  tuned  to  the  transition  to 
excite  the  second  'Pi  state  at  272  nm  (Fig.  2).  The  polarization  is  rotated 
manually  with  a  Fresnel -rhomb  retarder  or  electrically  with  a  voltage  on  a  UV 
transparent  Pockels  cell.  The  resultant  polarization  is  checked  for  the  de¬ 
gree  of  linearity  with  polarization  analyzer  sheets  and  is  >90t.  The  Ca  'P, 
state  is  excited  with  a  5  ns  pulse,  and  fluorescent  emissions  from  both  the 
initially-excited  'P  i  state  at  672  nm  and  from  the  resulting  collisional 
energy  transfer  state  (Tpj)  at  616  nm  are  collected  with  two  fiber  bundles 
and  collimated  onto  separate  photomultipliers.  A  typical  gate  time  for  the 
fluorescence  detection  is  an  open  time  of  200  ns  beginning  100  ns  after  the 
laser  pulse.  High  quality  baffle  arms  reduce  the  scattered  laser  light 
reaching  the  photomultipliers  to  less  than  one  count  per  laser  pulse  (laser 
power  ~6UU  uJ  per  pulse). 

The  signal  from  the  'P ^  state  is  large  and  is  used  to  normalize  for  the 
amount  of  the  initial  excitation.  The  3pj  signal  is  10“  times  weaker  and  is 


FIGURE  2 

Energy  level  diagram  of  the  relevant  states  for  the  collision-induced  transfer 
between  Ca(4s5p  *Pi)  and  Ca(4s5p  ^Pj). 
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detected  with  time-yated  photon  counting  equipment.  Two  filters  which  have  a 
high  rejection  at  672  nm  are  required  to  prevent  the  much  stronger  ip,  emis¬ 
sion  signal  from  reaching  the  photomultiplier.  The  counts  from  the  ^pj  emis¬ 
sion  are  integrated  for  5000-8000  laser  pulses  at  each  angle  of  polarization. 
Both  signals  are  monitored  as  a  function  of  the  angle  of  rotation  of  the  po¬ 
larization  to  obtain  the  relative  cross  sections  as  a  function  of  orbital 
alignment.  In  addition,  full  time  resolved  signals  are  acquired  with  a  fast 
transient  digitizer/signal  averager  in  order  to  verify  the  lifetimes  of  the 
emitting  states  (11). 


3.  RESULTS  AND  DISCUSSION 

Figure  3  shows  the  relative  probability  for  energy  transfer  from  the  'Pi 
state  to  the  3Pj  states  as  a  function  of  the  angle  of  polarization  in  the 
center-of-mass  frame  for  four  different  collision  partners.  He,  Ne,  Kr  and  Xe. 
With  Ar  no  fluorescence  intensity  from  3pj  could  be  detected  because  of  the 
small  cross  section.  It  can  be  seen  that  for  He  and  Ne  the  effect  is  large 
and  the  maximum  comes  at  approximately  a  90“  angle  with  respect  to  the  maximum 
effect  for  Xe.  By  the  transformation  from  the  laboratory  to  the  center-of- 
mass  frame,  it  is  found  that  the  maximum  energy  transfer  cross  section  for 
He  occurs  when  the  Ca*  p-orbital  is  aligned  essentially  perpendicular  to  the 
relative  velocity  of  approach  (1).  This  establishes  for  the  Ca*  +  He  and  Ne 
systems  that  the  molecular  n-state  is  the  preferred  geometry  to  bring  about 


ORIENTATION  OF  'p  ORBITAL 
(cm  FRAVE) 


FIGURE  3 

Data  for  the  energy  transfer  probability  from  'Pj  to  ^P ,  with  He,  Ne,  <r,  and 
Xe  as  a  function  of  p-orbital  alignment  angle. 
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the  curve  crossiny  from  the  to  the  ''Pj  states.  Although  the  effect  is 
smaller  for  Xe,  there  is  a  clear  preference  for  the  molecular  E-state.  For 
Kr,  no  preferential  alignment  effect  is  observed. 

The  results  for  each  of  the  different  rare  gases  are  summarized  in  Table  I, 
along  with  the  total  cross  section  obtained  in  static  cell  experiments  for  the 
transfer  from  IP;  to  ^Pj  (11). 


Table  I.  Results  of  alignment  experiments  for  energy  transfer  between 
Ca(4s5p  ^PJ  and  Ca(4s5p  ^Pj)  induced  by  collisions  with  rare  gases. 


Rare  Cas 

Total  (a2) 

^max'^'min 

of  1^3^ 

State 

He 

25 

1.4  +  0.2 

o 

o 

O 

o 

n 

Ne 

5 

1.7  ±  0.2 

90  ±  10° 

n 

Ar 

3 

no  signal 

-- 

-- 

Kr 

13 

1.0  ±  0.1 

constant 

-- 

Xe 

31 

1.25  ±  0.2 

-5  ±  10° 

E 

Tne  qualitative  trend  in  the  total  cross  sections  has  been  considered  pre¬ 
viously  (11).  It  is  explained  by  a  competition  between  the  effect  of  velocity 
on  the  Landau  Zener  curve-crossing  probability  and  the  effect  of  the  rare  gas 
polarizability  on  the  potential  energy  surfaces.  The  heavier  rare  gas  atoms 
have  significantly  greater  attraction  and  typically  are  expected  to  involve 
curve  crossings  at  longer  range  and  with  greater  interaction  strength.  The 
lighter  rare  gases,  especially  He,  are  weaker  perturbers,  but  the  curve  cros¬ 
sing  probability  can  be  enhanced  by  rapid  passage  through  the  crossing  region. 

The  effects  of  alignment  can  be  explained  by  consideration  of  a  schematic 
set  of  potential  energy  curves  for  the  quasimolecular  states.  Figure  4  shows 
two  extremes,  Ca*  +  He  and  Ca*  +  Xe.  The  shallow  potential  well  for  interac¬ 
tion  of  the  Ca  p-orbital  with  He  in  the  n  molecular  state  leads  to  a  substan¬ 
tial  enhancement  of  the  transfer  cross  section  for  the  perpendicular  alignment 
compared  to  the  more  repulsive  e  molecular  state  (parallel  alignment).  The 
laser  preselects  the  collision  system  on  either  the  n  molecular  state  or  the 
E  molecular  state  via  the  initial  polarization.  Provided  that  the  initial 
alignment  is  at  least  partially  retained  in  the  transition  from  the  laboratory- 
fixed  frame  to  the  molecular-fixed  frame  (termed  the  locking  radius),  then  the 
colliding  system  will  follow  through  with  some  preferential  character  of  one 
potential  surface  over  the  other.  Hale  et  al .  (1)  have  given  a  more  rigorous 
discussion  of  these  considerations  of  the  locking  radius  and  the  maximum  align¬ 
ment  effect  that  can  be  observed  when  averaged  over  all  impact  parameters. 

The  greater  the  retention  of  the  initial  alignment,  the  greater  can  be  the 
effect  due  to  the  orbital  alignment  in  the  energy  transfer.  As  shown  in  Fig. 

4,  the  energy  splitting  between  the  n  and  e  molecular  states  as  a  function  of 
internuclear  separation  can  become  large  well  before  the  curve  crossing  re¬ 
gion.  The  orbital  then  locks  into  the  molecular  frame  early  in  the  collision 
and  can  retain  the  memory  of  the  initial  alignment  throughout  the  curve  cros¬ 
siny  region.  A  significant  point  to  explain  the  observed  behavior  is  that  for 
He  and  Ne  the  curve  crossing  for  the  more  repulsive  E  state  occurs  only  at 
higher  energies.  Thus,  the  n-state  because  of  its  greater  attraction  leads  to 
an  efficient  crossing  between  the  iPj  and  ^Pj  states  at  a  longer  distance  than 
does  the  more  repulsive  E-state. 

In  contrast,  the  stronger  attraction  between  Ca  and  Xe  or  Kr  could  cause 
the  effect  of  the  orbital  alignment  on  the  energy  transfer  to  be  both  smaller 
and  of  opposite  character  to  the  results  for  He  and  Ne.  One  possible  pictorial 
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view  is  offered  in  Fig.  4.  The  higher  polarizability  of  Xe  and  Kr  increases 
the  well  depths  as  well  as  the  slope  of  the  repulsive  part  of  the  potential 
curves,  especially  for  the  Ca  (^Pj)  +  rare  gas  complex.  Thus  a  curve  crossing 
between  the  two  I  states  may  be  accessible  for  energies  used  in  this  experi¬ 
ment,  leading  to  a  contribution  to  the  3pj  fluorescence  via  the  r  state. 

An  alternative  possibility  for  the  change  from  n  to  r  on  going  from  He  to 
Xe  has  to  do  with  the  validity  of  the  long-range  locking  model.  For  Xe  and 
Kr,  the  curve  crossing  of  the  n  state  occurs  at  larger  internuclear  distances 
than  with  He  and  Ne.  Therefore  the  ratio  of  the  locking  radius  to  the  curve 
crossing  radius  may  decrease.  Thus  the  original  alignment  of  the  ip  orbital 
defined  by  the  laser  can  already  be  changed  from  n  to  z  at  the  internuclear 
separation  where  the  orbital  is  locked,  i.e.,  the  long-range  n  and  z  states 
are  no  longer  good  quantization  frames  in  the  collision  system. 

In  order  to  test  the  hypothesis  that  the  efficient  transfer  for  He  and  Ne 
is  from  the  n  state  out  of  ip 2  to  the  z  state  in  3Pj,  experiments  are  in  pro¬ 
gress  to  run  the  reaction  in  reverse.  A  clear  prediction  is  that  the  transfer 
in  the  reverse  process  should  be  more  efficient  for  initial  excitation  of  the 
Z  state. 


FIGURE  4 

Hypothetical  schematic  of  potential  energy  curves  for  Ca*-He  and  Ca*-Xe 
showing  possible  curve  crossings. 
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4.  CONCLUSION 

Collisional  energy  transfer  events  between  electronically  excited  states 
can  show  significant  effects  due  to  orbital  alignment  in  the  collison.  These 
experiments  are  the  first  alignment-dependent  studies  carried  out  with  pulsed 
laser  excitation.  The  results  can  be  interpreted  in  terms  of  simple  curve 
crossing  pictures  and  await  more  detailed  dynamical  calculations,  which  should 
be  possible  with  accurate  potential  energy  surfaces. 

This  work  was  supported  by  the  Air  Force  Office  of  Scientific  Research  and 
the  National  Science  Foundation. 
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AUCALtIR 


By  M,  J.  Cogglola 


Tone:  My  Darltng  Clementine 


In  a  magnet,  In  a  light  trap,  pumping  on  the  hyperflne, 

Pwelt  a  laser,  stand Ing-waver,  and  some  atoms  Alkaline. 

Gettln  colder,  gettln  colder,  gettln  colder  Alkaline, 

Till  you  can't  skip  less  you  spin  flip,  you're  sub-Poppler,  Alkaline. 

H-new  up,  and  h-new  down  then,  so  you're  rambling  will  decline. 

With  no  mode  hop,  you  can  all  scop,  and  the  record  will  be  mine. 

Gettln  colder,  gettln  colder,  gettln  colder  Alkaline, 

Till  you  can't  skip  less  you  spin  flip,  you'ra  sub-Doppler,  Alkaline. 

There's  a  substate  got  the  wrong  fate,  with  a  moment  can't  align 
Thermal  spreading  I  was  dreading,  so  1  lost  my  Alkaline. 

Gettln  colder,  gettln  colder,  gettln  colder  Alkaline, 

Till  you  can't  skip  less  you  spin  flip,  you're  sub-Doppler,  Alkaline. 
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This  paper  reviews  a  number  of  ideas  for  trapping  neutral  atoms, 
cooling  them,  and  performing  Interesting  experiments  on  them. 
Neutral  atoms  may  be  confined  in  traps  consisting  of  static 
electric  and  magnetic  fields  if  they  are  in  quantum  states  whose 
energy  increases  with  field  strength.  Traps  with  oscillating 
fields  may  trap  atoms  in  any  state.  Radiative  cooling  schemes 
can  cool  particles  to  milli-Kelvin  temperatures  using  the 
Doppler  shift,  and  several  proposed  cooling  schemes  may  ulti¬ 
mately  attain  micro-Kelvin  temperatures.  Trapped  atoms  will 
undergo  collisions  at  ultra-low  temperatures  where  pure  s-wave 
scattering,  resonances,  and  dipole-dipole  depolarization  may  be 
studied.  Atom  traps  afford  opportunities  for  high  resolution 
spectroscopy.  Not  only  may  such  spectroscopy  provide  useful 
frequency  standards  but  it  may  also  permit  study  of  quantum  col¬ 
lective  effects  such  as  superradiance  and  Bose  condensation. 


1.  INTRODUCTION 


In  the  past  decade  electromagnetic  traps  for  ions  have  been  used 
to  perform  a  tremendous  number  of  seminal  experiments  in  atomic  and 
molecular  physics  and  chemistry.  It  is  now  possible  to  trap  a  sin¬ 
gle  elementary  particle  and  measure  its  resonance  frequencies  to 
precisions  of  10  {VSD84),  to  cool  trapped  ions  using  lasers  to 

temperatures  in  the  milli-Kelvin  range  {WTD84),  to  prepare  multiply 
charged  ions  as  a  target  in  the  study  of  atomic  collisions  (CHU84), 
and  to  monitor  the  temporal  behavior  of  ionic  reactants  and 
reagents  in  multi-step  chemical  reactions. 

Recent  experiments  (MPP85,  CHB85)  have  demonstrated  that  it  is 
now  possible  to  trap  and  cool  neutral  atoms;  we  can  now  confi¬ 
dently  predict  that  experiments  with  trapped  neutral  atoms  (and 
possibly  molecules)  will  become  increasingly  commonplace  and  will 
grow  in  sophistication  and  power.  In  this  paper  we  shall  review 
the  physics  of  traps  and  speculate  about  some  of  the  most  interest¬ 
ing  things  to  do  with  trapped  neutral  atoms,  including  dramatic 
cooling,  collision  sttidies,  precision  spectroscopy,  and  observation 
of  collective  effects. 
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2.  TRAPPING 


Colloquially  the  term  trap  means  to  "prevent  from  leaving”,  but 
as  physicists  we  require  a  trap  to  have  a  definite  force  of  con¬ 
finement.  We  restrict  our  attention  to  neutral  particle  traps 
using  only  E-M  fields  generated  by  charges  or  currents  external  to 
the  trapping  volume.  (Teflon  walls,  buffer  gasses,  superfluid  He 
films,  etc.  are  excluded.)  Thus  the  ideal  trap  for  neutral  parti¬ 
cles  would  have  a  static  potential  with  a  minimum  at  the  center  of 
the  trap;  we  shall  discuss  these  "static  traps"  first.  Next  we 
shall  discuss  "dynamic  traps",  which  rely  on  time-varying  trapping 
forces  and.'or  the  motion  of  the  particles  to  prevent  escape. 

2.1.  Static  traps 

The  energies  of  interaction  of  an  atom  with  electric  and  mag¬ 
netic  fields  are  well  known. 

U  =  -  (a  is  the  polarizability) 

and  U  =  -  u'B  =  -gu  mB 

O 

where  g  is  of  order  unity,  m  is  the  projection  of  the  angular 
momentum  along  the  B-field,  and  Ug  is  the  Bohr  magnetron. 

Two  fundamental  theorems  interact  to  prevent  us  from  trapping 
the  lowest  state  of  any  system: 

a)  the  lowest  energy  level  of  any  system  is  depressed  by  all  per¬ 
turbations  -  thus  U  of  the  lowest  state  will  decrease  with  increas¬ 
ing  E  or  B,  consequently  atoms  in  this  state  will  feel  a  force 
toward  higher  E  or  B,  and 

b)  a  static  E  or  B  field  cannot  possess  a  local  maximum  in  free 
space  (WIN84) . 

This  is  a  serious  restriction  for  an  electric  field  trap,  since 
in  general  only  excited  electronic  states  of  opposite  parity  to  the 
ground  state  will  have  o<0,  permitting  them  to  be  trapped,  but 
these  states  can  decay  radiatively.  Nevertheless,  several  propo¬ 
sals  have  been  advanced  Involving  Rydberg  atoms  {WIN80,  METSO)  and 
the  j  =  1  m.  =  0  state  of  polar  molecules  offers  a  longer  lived 
possibility^  (PRI83) . 

Being  able  to  trap  only  particles  which  are  drawn  to  weak  fields 
is  not  so  serious  a  limitation  for  magnetic  traps  since  the  spin  up 
states  of  paramagnetic  atoms  (which  have  U~|B|>0)  have  spontaneous 
decay  rates  to  the  ground  magnetic  sublevel  of  s~^.  Traps 

one  Kelvin  deep  for  atoms  with  electron  spin  s  =  1/2  are  techni¬ 
cally  straightforward  using  superconducting  technology. 

The  first  static  magnetic  field  trap  for  neutral  atoms  has 
recently  been  demonstrated.  This  is  the  simple  spherical  quadru- 
pole  trap  of  Migdall,  Phillips,  et .  aj  .  (MPPe.B),  which  consists  of 
a  pair  of  Helmholtz  coils  connected  backwards  so  that  zero  field  is 
produced  at  the  center  as  shown  in  Fig.  1 , 
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Figure  1 

Cross  sectional  view  of  cylindrical  quadrupole  magnetic  trap.  Two 
loops  with  opposite  currents  produce  a  magnetic  field  which  is  zero 
in  the  center  and  increases  linearly  with  radius  in  all  directions. 
Roughly  10°  atoms  were  confined  in  this  trap  for  one  second.  A 
scheme  for  continuous  filling  of  the  trap  and  a  cryo-vacuum  of  lO” 

torr  should  increase  both  numbers  by  10*.  producing  an  optically 
dense  cloud  of  Na . 

Our  group  at  M.I.T.  is  working  on  a  magnetic  trap  (PRI83)  which 
has  a  uniform  magneti'-  field  at  the  center.  This  is  a  desirable 
property  when  using  lasers  to  study  or  manipulate  the  trapped  atoms 
because  the  magnetic  field,  and  hence  the  quantization  axis,  does 
not  reverse  direction  in  the  middle  of  the  trap. 

2.2.  Dynamic  traps 

Even  though  a  static  field  cannot  possess  a  local  maximum  in 
free  space,  one  must  not  conclude  that  it  is  impossible  to  trap 
atoms  which  are  strong  field  seekers.  It  is  well  known  that  a 
charged  particle  cannot  be  trapped  by  static  E-M  fields  because 
"■E  =  0  in  charge-free  space  and  hence  the  static  force.  F  =  qE, 
cannot  be  directed  inwards  over  the  entire  surface  of  a  sphere  sur¬ 
rounding  the  center  of  the  putative  trap  (Ernshaw’s  theorem). 
Nevertheless,  two  classes  of  dynamic  traps  for  charged  particles 
are  widely  used:  the  Penning  trap  in  which  the  motion  of  the  par¬ 
ticle  (in  conjunction  with  qvxB  forces)  prevents  its  escape,  and 
the  RF  trap  (P0F58)  in  which  a  rapid  temporal  variation  of  the  sign 
of  the  electric  fields  leads  to  dynamic  stability  for  the  trapped 
particle.  A  third  class  of  dynamic  trap  involves  fields  which 
oscillate  rapidly  enough  that  they  must  be  regarded  as  radiation  - 
we  will  call  these  "optical  traps".  We  now  present  examples  of  all 
three  types  of  dynamic  traps  which  have  been  proposed  for  strong 
field  seeking  neutral  particles. 
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A  trap  for  non-stat lonary  strong  field  seekers  may  be  made  by  a 
current  carrying  loop  like  that  shown  in  Fig.  2.  Near  the  wire  the 
magnetic  field  decreases  inversely  as  the  dista.;ce  l rom  the  wire, 
so  that  particles  in  an  orbit  outside  the  loop  will  be  attracted 
not  only  inwards  towards  the  wire  but  also  towards  the  plane  of  the 
loop.  If  the  particles'  angular  momentum,  ,  and  distance  from 
the  wire  loop  are  appropriately  chosen,  then  the  centrifugal  force 
>’liich  decreases  in.;ersely  as  the  cube  of  the  distance  from  the 
center  of  the  loop  since  is  conserved)  will  cancel  the  magnetic 
force,  leading  to  a  stable  orbit.  In  practice  it  is  helpful  to 
■space  out  several  coils  along  2  in  order  to  optimize  the  field 
(KQP86) . 


Figure  2 

A  single  magnetic  loop  can  trap  strong  field  seeking  atoms  in 
stable  circular  orbits  which  pass  through  the  regions  indicated  by 
dashed  lines. 


Recently  an  analog  of  the  RF  trap  has  been  proposed  for  neutral 
hydrogen  atoms  (LMT85)  which  consists  of  a  loop  whose  axis  Is 
parallel  to  a  uniform  magnetic  field.  Alternating  current  in  the 
loop  produces  an  alternating  magnetic  bottle  which  can  confine 
either  weak  or  s'rong  field  seekers. 

The  simplest  opt-ical  trap  relies  on  the  fact  that  radiation  can 
be  focussed:  the  field  has  a  local  maximum  at  the  center  of  this 
focus,  so  strong  field  seekers  will  be  drawn  to  this  center.  (This 
does  not  '/iolate  the  exclusionary  theorem  on  local  field  maxima 
mentioned  above  since  the  optical  fields  are  not  static.)  Unfor¬ 
tunately,  optica]  frequency  photons  possess  considerable  momentum 
on  an  atomic  scale  (a  Na  atom  recoils  at  3  cm/sec  from  emission  or 
absorption  of  a  single  D-line  photon)  and  the  resulting  spontaneous 
forces  can  lead  to  sufficient  heating  of  the  trapped  atoms  to  eva¬ 
porate  them  from  the  trap.  This  interplay  of  trapping  and  heating 
has  lead  to  a  wealth  of  theoretical  literature  on  optical  traps 
(PPM85).  We  now  move  on  to  discuss  the  converse  of  optical  heating 
-  optical  cooling. 
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3.  COOLING 


The  weakness  of  the  neutral  atom  traps  just  described  prevents 
trapping  atoms  with  kinetic  energies  greater  than  1  Kelvin  or  so; 
yet  in  the  context  of  trapped  atom  physics  these  atoms  are  incredi¬ 
bly  hot  -  nearly  all  of  the  interesting  scientific  applications  of 
trapped  atoms  require  atoms  orders  of  magnitude  cooler.  Milli- 
Kelvin  temperatures  have  already  been  obtained  with  trapped  ions 
(WTD85),  with  untrapped  atoms  (CHB85) ,  and  in  supersonic  expansions 
of  He.  The  likely  prospects  for  obtaining  much  lower  temperatures 
is  one  of  the  fascinations  of  trapped  atom  research. 

The  simplest  cooling  scheme  involves  the  Doppler  shift  (HAS74): 
if  the  atoms  are  bathed  in  isotropic  monochromatic  radiation  whose 
frequency  is  just  below  a  resonance  line,  then  photons  whose  momen¬ 
tum  opposes  the  atomic  velocity  will  be  shifted  closer  to  resonance 
and  consequently  preferentially  absorbed,  resulting  in  decelera¬ 
tion.  Under  proper  conditions  the  velocity  can  be  damped  exponen¬ 
tially  in  "10  us;  hence  this  form  of  cooling  is  often  referred  to 
as  "optical  molasses".  Recently  S.  Chu  and  coworkers  have  demon¬ 
strated  this  experimentally  (CHB85),  achieving  cooling  to  "1/4  mK. 
This  is  close  to  the  limit  expected  theoretically  (WII79,  JAV80) 
due  to  the  loss  of  preferential  directionality  of  the  absorbed  pho¬ 
tons  when  the  velocity  is  too  slow  to  produce  a  Doppler  shift  com¬ 
parable  to  the  natural  width  of  the  transition. 

To  get  substantially  below  the  milliKelvin  limit  imposed  on 
Doppler  cooling  by  the  natural  linewidth  of  strong  resonance  tran¬ 
sitions,  one  can  utilize  transitions  to  long  lived  excited  levels 
like  the  5d  level  in  Cs.  Caution  must  be  employed,  however,  to 
assure  that  the  spontaneous  decay  processes  back  to  the  ground 
level  do  not  change  the  magnetic  sublevel  (i.e.  change  trapped  weak 
field  seekers  to  untrapped  strong  field  seekers) . 

An  alternative  way  to  circumvent  linewidth  limitations  for 
Doppler  processes  is  to  utilize  two  photon  stimulated  Raman 
processes  between  sub-levels  of  the  ground  level.  The  Doppler 
shift  for  the  two  photon  process  is  (E.-k^j-v  which  can  easily  be 
larger  than  the  single  photon  shift.  These  have  an  essentially 
infinite  lifetime  so  that  there  is  virtually  no  limit  imposed  by 
the  natural  linewidth.  However,  the  necessity  to  optically  pump 
the  atoms  back  to  the  original  sublevel  after  the  Raman  cooling 
cycle  necessarily  involves  spontaneous  decay,  whose  photons  will 
heat  the  atoms.  One  photon  gives  the  atom  a  recoil  energy  of 
(hk)^/2M  -  approximately  1  uK  for  Na. 

Still  another  way  of  cooling  to  microKelvin  temperatures  has 
been  proposed  (PRI83)  in  which  RF  transitions  between  sublevels  of 
the  ground  level  are  made  in  a  way  which  rapidly  reduces  the  aver¬ 
age  potential  energy  of  the  trapped  particles.  As  with  stimulated 
Raman  cooling,  the  cooling  limit  results  from  the  spontaneous  decay 
when  the  atom  is  optically  pumped  back  to  the  original  sub-level. 
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It  should  not  be  concluded  that  the  photon  recoil  energy  imposes 
an  insurmountable  limit  to  optically  based  cooling  cycles  -  indeed 
it  is  possible  to  cool  below  this  limit  by  velocity  space  optical 
pumping .  The  key  idea  Is  to  set  up  conditions  so  that  the  atom  may 
possibly  have  zero  velocity  after  the  terminal  spontaneous  decay 
and  tlien  to  use  some  mechanism  (either  Doppler  selective  stimulated 
Raman  or  RF  transitions  will  work)  which  will  selectively  cause 
-toms  whose  velocity  is  greater  than  some  preselected  fixed  limit 
to  be  subject  to  another  optical  pumping  cycle  with  another  termi¬ 
nal  spontaneous  decay.  Atoms  whose  velocities  lie  outside  this 
limit  will  be  recycled  until  their  velocity  lies  inside  it. 

Two  methods  exist  for  cooling  trapped  particles  further;  eva¬ 
poration  {LMT85)  and  adiabatic  cooling  by  slow  (or  cleverly  rapid) 
weakening  of  the  trap.  These  have  the  advantage  that  they  are  col¬ 
lective  cooling  effects  and  work  well  at  high  particle  densities, 
in  contrast  to  the  optical  methods  described  above  which  are  basi¬ 
cally  single-particle  and  may  therefore  have  degraded  performance 
at  high  particle  densities. 


4.  COLLISIONS 


As  soon  as  experimentalists  solve  the  practical  problems  of 
trapping  a  sufficient  number  of  atoms,  a  multitude  of  low  energy 
collision  processes  will  be  opened  to  study.  In  addition  to  elas¬ 
tic  atom-atom  scattering,  there  will  be  spin  depolarization 
processes  (bad  news  for  magnetic  traps  which  confine  only  the  spin 
up  species),  line  broadening  processes  (anathema  to  resonance  stu¬ 
dies  and  Doppler  cooling  schemes),  and  three  body  recombination 
processes.  In  the  following  discussion  of  these  collision 
processes,  we  shall  compute  cross  sections  for  typical  collisions 
Involving  Na  and  H. 

4.1  Total  ground  state  scattering  cross  sections 

Since^atoms  interact  at  long  range  with  the  electrostatic  poten¬ 
tial  CR  ,  the  cross  sections  Increase  at  lower  velocity  (SCH56). 

q(v)  =  5.11  (C/vft)2/5ft2 

=  2=.-[|  sin  ^  r(7/5)]-l 


The  values  of  C  are_(MAK69)  C  =6.2  =  70  = 
(all  X  10  erg  cm  ) ,  and  tne  corresponding  cross  sections 
the  form  (where  T  is  the  temperature  in  Kelvin) 


1512 
are  of 


Q(T)  =  Qx_yT"°-2 


Qr-H  =  ^20  =  359,  and  q^g.^^  =  2005. 

These  expressions  are  invalid  at  sufficiently  low  temperatures 
because  the  semi -classical  approximation  (many  partial  waves  con¬ 
tribute  to  the  scattering)  fails  when  the  deBroglie  wavelength 
becomes  comparable  to  the  range  of  the  potential. 
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For  very  low  temperatures  only  s-wave  scattering  contributes  to 
the  cross  section 

Qs{T)  =  4»-<2sin24  , 

where  is  the  s-wave  phase  shift  (and  u  is  the  reduced  mass  in 
nuclear  mass  units).  In  general,  the  phase  shift  will  go  as  s'ka 
at  small  enough  energy  (k=[2uE]  with  u  the  reduced  mass)  a  is 

the  scattering  length,  which  is  related  to  the  size  of  the  poten¬ 
tial.  Then  the  cross  section  will  asymptote  to  Q  =  4ira^ .  a  is 
known  to  be  0.72A  for  H-H  in  the  tr..plet  state  (KVSSl),  but  the 
Na-H  and  Naj  triplet  potentials  are  not  known  well  enough  to  find 
the  scattering  length.  This  raises  the  possibility  that  there  may 
be  a  resonance  (4=»/2)  with  associated  cross  section 

Qj^(T)  =  =  203a2  /  „.p_  („  a.m.u.) 

The  total  scattering  cross  sections  above,  multiplied  by  the 
relative  velocity  of  the  atoms,  gives  the  scattering  rate  constant. 
Multiplied  by  the  density,  this  determines  the  rate  of  the  momentum 
transfer  ring  collisions  -  i.e.  the  rate  of  convergence  toward 
thermal  equilibrium.  This  is  clearly  an  important  rate,  since  it 
limits  the  cooling  rate  when  collective  cooling  schemes  such  as 
evaporation  are  employed,  or  when  single  particle  cooling  schemes 
are  leveraged  to  obtain  lower  ultimate  temperatures  by  applying 
them  to  the  hot  tail  of  the  distribution. 

For  reference,  we  give  a  typical  numerical  example.  If  "lOlO  Na 
atoms  are  confined  to  1  cm^  at  lO"^  K,  the  sample  will  be  optically 
dense  (transmission  "  lO”^  at  line  center)  and  the  velocity  will  be 
"Im/s.  The  ground  state  scattering  cross  section  will  be  "10" 
^^cm^,  leading  to  a  collision  rate  of  "1  per  second. 

4 . 2  Spin  exchange  depolarization 

Unfortunately  for  atom  trappers,  some  binary  collisions  are 
detrimental  to  the  magnetic  trapping  of  paramagnetic  atoms.  The 
most  obvious  such  process  is  electron  spin  exchange.  At  first  this 
might  not  seem  to  be  a  possible  collision  process  between  two  spin 
up  weak  field  seekers,  and  Indeed  this  is  the  case  if  both  atoms 
happen  to  have  their  nuclear  spins  up  as  well.  However,  weak  field 
seeking  atoms  with  <  I+j  will  have  a  small  component  of  electron 
spin  down,  and  this  can  exchange  with  the  electron  spin  up  com¬ 
ponent  of  the  wave  function  on  another  atom,  leaving  that  atom  in  a 
spin  down  state  which  will  be  repelled  from  the  trap.  The  reverse 
process  for  strong  field  seekers  has  been  discussed  (KVSSl)  and 
observations  in  spin  polarized  H  (BHK86)  agree  with  the  predicted 
cross  sections.  Thus  spin  exchange  should  lead  to  a  self- 
purification  of  the  nuclear  spin  in  weak-field  seeker  atoms:  this 
poses  no  problem  to  experiments  in  which  the  atoms  are  optically 
pumped  into  a  state  with  m^,  =  f  before  being  trapped,  except  that 
it  represents  a  possible  loss  mechanism  when  making  resonance  tran¬ 
sitions  of  these  atoms. 
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4.3  Dipole-dipole  depolarization 

The  most  pernicious  problem  for  trapped  atoms  is  depolarization 
by  the  dipole-dipole  Interaction  between  electron  spins.  In  this 
process  two  spin  parallel  atoms  collide  and  one  or  both  are 
flipped,  the  requisite  angular  momentum  coming  from  the  orbital 
angular  momentum.  This  process  has  been  observed  in  room  tempera¬ 
ture  optical  pumping  experiments  with  cross  sections  "10”^®cm2  (for 
Cs-Cs  collisions,  BPC80)  given  by  KVS81  (the  atoms  are  left  in  a 
d-wave  after  the  collision), 

=  7u  ^  (kf /k  )  xlO“^°cm^ 

where  the  u2  comes  from  the  density  of  final  states  in  first  order 
perturbation  theory. 


This  expression  overestimates  t)ie  cross  section  when  applied  to 
trapped  Na  for  two  important  reasons:  the  repulsive  core  of  the 
Na-Na  potential  reduces  the  probability  that  the  atoms  are  close 
together  (where  the  dipole-dipole  Interaction  is  greatest),  and  the 
additional  energy  of  2u  b  per  spin  flipped  reduces  the  overlap 
integral  between  initial  and  final  states.  We  estimate  from  KVS81 
that  the  latter  effect  reduces  the  cross  sections  for  Na-Na  in  a 
0.75  T  field  to  approximately 

Q^a-Na  '  • 

This  gives  a  constant  depolarization  rate  constant  of  “1.5x10" 
^'^cm^s"^,  constant  at  all  temperatures. 


Spin  depolarization  and  subsequent  loss  of  the  spin  flipped 
atoms  due  to  the  dipole-dipole  interaction  may  well  present  the 
most  serious  loss  mechanism  for  magnetically  trapped  atoms,  and  a 
careful  theoretical  calculation  for  Na-Na  would  he  very  welcome 
(and  should  soon  to  testable  experimentally) .  The  fact  that  the 
cross  section  depends  strongly  on  magnetic  field  adds  interest  to 
such  a  calculation :  it  may  be  possible  to  reduce  the  loss  rate  by 
judicious  selection  of  the  magnetic  field! 
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Figure  3 

Cross  sections  for  various  collision  processes  involving  trapped  Na 
atoms.  The  ground  state,  s-wave  resonance,  and  spin  depolarization 
cross  sections  are  plotted.  The  large  3S-3P  cross  section 
results  from  the  resonant  +C2.'R^  interaction  between  the  excited 
state  and  ground  state  atoms  of  the  same  species. 


4.4  Three-body  recombination 

At  sufficient  densities,  three  body  collisions  which  lead  to 
formation  of  bound  dimers  will  cause  loss  of  atoms  both  because  of 
the  energetic  products  and  (worse)  because  of  subsequent  heating  of 
other  trapped  atoms  due  to  energy  transfer  from  the  hot  Internal 
excitation  of  any  dimer  which  remains  in  the  trap.  One  of  the 
great  attractions  of  hydrogen  is  that  the  triplet  potential  does 
not  have  a  bound  state  -  consequently  three  body  recombination  will 
happen  in  pure  H  only  in  three  body  collisions  in  which  a  spin 
depolarization  occurs  as  well.  This  reduces  the  three  body  rate 
constant  to  10“' '  cm®  s~^  (KVS81),  a  value  confined  experimentally 
(BHK86).  For  Na  it  is  difficult  to  estimate  the  rate  constant 
except  by  crude  extrapolation  of  heated  cell  work  (eg.  SCG76)  - 
fortunately  simple  models  predict  a  weak  temperature 
lending  some  confidence  to  our  guess  of  10“^'*^  cm®  s 


dependence , 
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5.  PRECISION  SPECTROSCOPY  AND  FREQUENCY  STANDARDS 


One  of  the  main  motivations  for  neutral  traps  is  the  prospect  of 
extremely  precise  spectroscopy.  The  cooling  schemes  mentioned  pre¬ 
viously  are  capable  of  reducing  the  second  order  Doppler  shift  to 
10~  or  less,  holding  out  the  promise  of  unprecedented  spectros¬ 
copic  accuracy.  Since  neutral  particles  perturb  each  other  far 
less  than  charged  ones,  neutral  particle  traps  can  maintain  high 
spectroscopic  precision  at  particle  densities  many  orders  of  magni¬ 
tude  higher  than  the  corresponding  limit  in  ion  traps  (BPI85),  sug¬ 
gesting  that  frequency  standards  of  good  short  term  precision  may 
be  possible. 

There  is,  however,  one  obvious  barrier  for  precise  spectroscopy 
of  trapped  neutral  atoms:  the  trap!  This  barrier  arises  because 
the  energy  of  interaction  of  the  trapped  atoms  with  the  (inhomo¬ 
geneous)  fields  which  constitute  the  trap  generally  depends  on  the 
internal  quantum  state  of  the  atom,  leading  to  inhomogeneous 
broadening  (this  is  not  the  case  for  trapped  ions). 

Inhomogeneous  broadening  can  be  greatly  reduced  by  selecting  a 
field-independent  transition  such  as  the  one  between  F=0  mp=0  and 

F=1  itpsQ  at  B=0  in  Na.  A  more  suitable  choice  is  between  "F":=2 
mp=2  and  "F"  =  2  inp=l  (the  quotation  marlfs  indicate  that  F  is  a  label 
only  and  not  a  good  quantum,  number  at  finite  magnetic  fields)  which 
for  sodium  has  a  fractional  frequency  shift  of  only 


at  the  magnetic  field  value  where  the  first  derivative  vanishes. 

If  the  trap  is  adjusted  so  that  its  field  minimum  has  this  value, 
will  not  be  affected  by  the  thermal  motion  of  the  particles  in 
first  order.  Particles  with  T  =  10~°  K  will  "ride  up"  the  magnetic 
trap  walls  by  an  amount  aB  =  =  1.4x:o“^T  (both  states  have 

equal  magnetic  moment,  u  at  this“tleld).  This  will  lead  to  a 
fractional  shift  of  le^s  than  10  ,  permitting  high  resolution 

spectroscopy  (av  <  lO  Hz).  In  fact,  it  is  reasonable  to  contem¬ 
plate  the  use  of  trapped  atoms  for  a  frequency  standard  since  the 
temperature  can  be  accurately  measured  by  the  broadenings  or  shifts 
of  other_If ield-dependent )  transitions,  or  may  be  reduced  well 
below  10  K  by  various  methods  discussed  previously. 


6 .  COLLECTIVE  EFFECTS 


Perhaps  the  most  interesting,  and  certainly  the  most  specula¬ 
tive,  possibility  for  trapped  atom  research,  is  to  achieve  condi¬ 
tions  in  which  quantum  collective  effects  may  be  observed  and  stu¬ 
died.  Low  temperature  is  a  principle  ally  in  this  quest  because 
the  reduced  deBroglie  wavelength  is 

=  h/P  =  4A(uT)--'2. 
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Thus  Na  at  lO'^K  has  ~  10'®  cm.  the  reduced  wavelength  of  Its 
resonance  light.  Cooling  below  this  limit  causes  the  quantum 
coherence  length  to  exceed  the  light  wavelength,  raising  the  possi¬ 
bility  of  observing  light  scattering  from  collective  excitations  of 
the  gas.  Certainly  one  will  reach  a  new  regime  in  superradiance 
because  Doppler  broadening  will  be  eliminated  (the  atoms  move  only 
"155  of  a  wavelength  in  one  spontaneous  decay  time). 

A  most  interesting  possibility  is  Bosecondensation.  This  may 
occur  when  the  particle  density  exceeds  -  i.e.  when  the  average 

interparticle  spacing  is  less  than  one  deBroglie  wavelength.  This 
is  manifest  as  the  condensation  of  a  significant  fraction  of  the 
particles  into  the  lowest  quantum  momentum  state,  the  0,  0,  0 
vibrational  level  of  the  trap.  Bose  condensation  causes  anomalies 
in  the  specific  heat  and  other  thermodynamic  properties  of  the  qas . 
More  dramatically,  it  is  manifest  as  a  narrow  spike  in  an  otherwise 
Inhomogeneously  broadened  resonance  curve.  It  is  not  only  the 
exact  nature  of  the  condensate  which  is  of  fundamental  interest, 
but  also  the  mechanism  of  its  spontaneous  growth  in  a  sample  cooled 
below  the  transition  temperature. 

These  speculations,  as  well  as  our  current  attempts  to  do  some 
of  these  things  experimentally,  are  supported  by  ONR .  I  am  also 
grateful  for  help  with  the  figures  from  V.  Bagnato. 
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1.  INTRODUCTION 

Quite  generally  the  information  available  on  the  detailed  structure  of  liquids  is 
much  less  abundant  than  our  knowledge  on  isolated  atoms  and  molecules  on  one  side 
and  on  the  crystallized  state  on  the  other  side.  This  statement  holds  for  both,  the  ex¬ 
perimental  and  the  theoretical  approach  to  acquire  information  on  liquids.  The  reason 
for  this  situation  lies  in  the  very  complex  nature  of  this  state  of  matter  which  lends 
itself  much  less  to  a  description  by  an  idealized  model.  The  concept  of  the  molecular 
structure  of  liquids  usually  reduces  to  the  pair  correlation  functions  which  can  be  eva¬ 
luated  from  x-ray,  neutron  or  electron  diffraction  data  (1).  For  liquid  formamide  which 
will  be  the  main  subject  of  this  paper  this  type  of  data  has  been  taken  by  several 
authors  (2,3).  More  detailed  information  on  the  relative  orientation  of  pairs  of  forma¬ 
mide  molecules  within  the  liquid  has  been  sought  by  means  of  ab  initio  calculations, 
but  final  conclusions  are  difficult  to  obtain  (3). 

The  situation  seems  somewhat  more  favourable  if  one  surveys  the  literature  that 
deals  with  the  electronic  structure  of  liquids.  Electromagnetic  radiation  provides  the 
means  to  probe  the  electronic  properties.  Again  with  respect  to  formamide,  several 
experiments  have  been  performed:  reflectivity  from  the  visible  to  the  VUV  range  and 
the  yield  of  emitted  electrons  per  absorbed  photon  (A, 5).  These  measurements  resulted 
in  the  determination  of  the  complex  dielectric  function  and  the  mean  free  path  of 
electrons.  Electron  spectroscopy  was  applied  with  X-rays  (6)  and  with  photons  of  the 
Hel  resonance  line  (7).  It  is  interesting  to  note  that  studying  the  electronic  properties 
of  formamide  resulted  in  one  case  in  a  strong  suggestion  with  respect  to  the  molecular 
structure.  Siegbahn  et  al.  (8)  concluded  from  their  data  that  the  formamide  molecules 
are  arranged  in  chains  within  the  liquid. 

The  studies  reported  above  refer  to  the  bulk  properties  of  liquid  formamide.  To  our 
knowledge  no  attempt  has  been  made  to  clarify  specifically  the  surface  structure  of 
liquids.  In  this  paper  we  report  a  novel  method  to  investigate  surface  properties  in  di¬ 
rect  comparison  to  the  bulk  properties  of  a  liquid.  We  use  electron  spectroscopy  under 
impact  of  thermal  metastable  He*  atoms  versus  Hel  photons.  We  find  remarkable  dif¬ 
ferences  between  both  modes  of  ionization.  For  (non-metallic)  liquids  they  must  be 
attributed  to  the  well  known  fact  that  He*  atoms  can  release  their  energy  only  to  the 
topmost  layer  of  the  surface  whereas  photons  penetrate  several  layers  deep.  Thus,  He* 
atoms  probe  the  electronic  structure  of  the  very  surface  whereas  Hel  photons  make 
bulk  properties  visible.  So  far  we  have  applied  the  method  to  formamide,  N-methyl- 
formamide,  dodekane,  benzylalcohol,  and  mercury. 


2.  EXPERIMENTAL 

To  a  molecular  beam  machine  which  was  used  so  far  to  study  the  reaction  of  meta¬ 
stable  He*  atoms  and  Hel  photons  with  atoms  and  molecules  by  electron  spectroscopy 
we  have  added  a  liquid  target.  It  is  realized  by  a  vertical  liquid  beam  similar  to  the 
one  described  in  (1). 

It  is  an  important  feature  of  our  measurements  that  He*  atoms  and  Hel  photons 
are  produced  in  the  very  same  He-discharge.  The  effect  of  the  thermal  He*  atoms  on 
the  liquid  target  and  that  of  the  Hel  photons  is  separated  by  means  of  a  chopper  wheel 
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and  a  time  of  flight  method.  Thus,  we  are  able  to  distinguish  both  projectiles  while 
performing  the  measurements  under  otherwise  exactly  the  same  conditions.  Conse- 
guently,  we  can  compare  the  data  from  UPS  (ultraviolet  photoelectron  spectroscopy) 
and  from  MIES  (metastable  impact  electron  spectroscopy)  down  to  details. 


3.  RESULTS 

For  liguid  formamide  we  find  in  UPS  that  Hel  photons  populate  all  observed  bands 
fairly  evenly  (fig. 2).  On  the  other  hand  He*  metastables  react  predominantly  with  the 
ii-orbitals  rather  than  with  the  o-orbitals  of  formamide  (fig.  3).  Considering  the  reaction 
mechanism  of  He*  atoms  we  must  conclude  that  the  n-orbital  of  those  molecules  which 
form  the  outermost  layer  must  protrude  out  of  the  surface  whereas  the  o-orbitals  do 
not.  This  in  turn  reguires  the  molecules  to  lie  flat  on  the  overall  surface  since  the 
lobes  of  the  tr-orbital  are  oriented  perpendicular  to  the  molecular  plane.  Thus,  meta¬ 
stable  impact  electron  spectroscopy  (MIES)  contains  information  on  molecular  orien¬ 
tation.  In  combination  with  the  known  chainlike  arrangement  of  formamide  molecules 
in  the  liguid  (8)  we  may  conclude  that  the  surfaces  of  liquid  formamide  is  composed 
of  chains  of  molecules  which  lie  flat  on  the  surface. 

So  far  we  have  evaluated  the  relative  band  intensities  of  the  MIES  spectrum.  How¬ 
ever,  there  is  more  information  contained  in  the  data.  Firstly,  if  we  compare  the 
widths  of  the  two  n-bands  as  obtained  in  MIES  and  in  UPS  we  find  that  the  former 
values  are  smaller.  If  we  identify  the  MIES  data  with  surface  properties  and  the  UPS 
result  with  bulk  properties  then  we  must  state  that  the  surface  bandwidths  amount  to 
ca.  80%  of  the  bulk  bandwidths.  This  ratio  is  in  good  agreement  with  the  results  of  a 
simple  bandwidth  calculation  based  on  the  tight  binding  model.  It  ascertains  our  as¬ 
sumption  that  UPS  indeed  probes  bulk  rather  than  surfaces  properties.  A  further  hint 
to  this  end  consists  in  the  fact  that  our  UPS  spectrum  (fig.2)  has  almost  zero  inten¬ 
sity  near  9.5%  eV  electron  energy.  This  is  in  distinct  contrast  to  the  UPS  spectrum 
from  (7)  which  is  shown  in  fig.l.  According  to  (7)  this  is  intensity  due  to  electrons 
which  have  lost  energy  during  their  travel  from  within  the  bulk  to  the  surface. 

The  authors  evaluate  their  spectrum  and  conclude  that  only  a  small  fraction  of 
bulk  electrons  reaches  the  surface  without  loss  of  energy.  This  in  turn  would  mean 
that  the  electrons  within  the  band  near  10  eV  electron  energy  should  originate  frorri 
the  surface  and  should  not  represent  bulk  properties.  However,  our  own  UPS  spectrum 
(fig.2)  which  shows  few  electrons  outside  the  bands  (i.e.  near  9.5  eV)  indicates  that 
the  number  electrons  which  experience  energy  loss  in  the  liquid  cannot  be  as  high  as 
assumed  in  (7).  The  lack  of  intensity  near  9.8  eV  cannot  be  an  experimental  artefact 
since  the  MIES  spectrum  -  measured  simultaneously  -  exhibits  a  peak  at  this  energy 
(fig.3).  We  conclude  that  our  UPS  spectrum  is  composed  dominantly  of  electrons  re¬ 
leased  in  the  bulk. 

In  the  light  of  the  preceding  discussion  the  last  piece  of  information  which  we  find 
in  our  spectra  is  notev/orthy.  It  is  known  that  going  from  gas  to  liquid  phase  the  ioni¬ 
zation  energy  is  lowered.  This  is  simply  due  to  the  electronic  relaxation  energy  of  the 
molecules  which  surround  the  formed  ion  in  the  liquid.  It  is  obvious  that  the  relaxa¬ 
tion  energy  should  be  smaller  at  the  surface  than  in  the  bulk.  Still,  we  observe  the 
same  value  E  .  =1.0+ .1  eV  for  both  spectra  MIES  and  UPS.  This  means  that  the 

emitted  electrolr’'  leaves  the  ionized  molecule  in  a  surface  position  in  both  modes  of 
ionization.  In  consequence  we  have  to  approach  the  question  how  an  ion  created 
within  the  bulk  by  Hel-photons  can  reach  the  surface  during  the  short  time  the 
emitted  electron  is  able  to  interact  with  the  liquid.  It  is  obvious  that  no  true  motion 
is  possible.  However,  an  ion  at  the  surface  can  be  produced  by  the  motion  of  the 
electronic  hole  state  rather  than  of  the  complete  ion.  Thus,  one  might  specuiate 
whether  an  eiectron  hole  pair  created  by  a  Hel  photon  carries  out  a  correlated  motion 
in  liquid  formamide.  In  case  that  this  correlated  motion  of  electron  and  hole  is  aimed 
at  the  surface  then  the  hole  will  remain  in  a  surface  position  while  the  electron 
reaches  the  vacuum  (and  the  electron  spectrometer). 
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In  conclusion  we  state  that  taking  electron  energy  spectra  from  MIES  and  UPS 
under  otherwise  identical  conditions  allows  to  derive  interesting  information  on  liquid 
surfaces.  For  formamide  we  have  found  clear  evidence  that  the  surface  molecules  lie 
flat  on  the  surface.  Further,  the  data  lead  us  to  interesting  questions  with  respect  to 
tne  motion  of  electrons  within  the  liquid  and  the  possible  existence  of  exciton-like 
electron-hole  rnotion. 
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Using  multistep  laser  excitation  in  which  each  of  the  two  valence  electrons 
of  alkaline  earth  atoms  are  excited  separately  it  is  possible  to  excite 
only  the  doubly  excited  state,  not  the  underlying  continuum.  This  simpli¬ 
fication  allows  inherently  complex  spectra  of  interacting  autoionizing 
states  to  be  unraveled. 


1.  INTRODUCTION 

An  interesting  aspect  of  the  spectra  of  multielectron  atoms  is  the  fact 
that  they  have  autoionizing  states,  that  is,  states  in  which  there  is  enough 
energy  invested  in  two  or  more  electrons  to  allow  one  electron  to  be  removed 
from  the  atom.  The  apparent’y  simplest  case  in  which  autoionization  occurs  is 
He,  which  has  only  two  electrons.  However  due  to  the  fact  that  He"*^  has  de¬ 
generate  energy  levels  for  n  >  1  there  is  appreciable  correlation  of  the  two 
electrons  for  all  the  autoionizing  states. Consequently  the  alkaline  earth 
atoms,  with  two  valence  electrons  outside  a  closed  shell  core,  are  in  many 
cases  simpler. 

As  an  example  we  shall  consider  Ba  which  has  been  studied  extensively.  In 
Figure  1  we  show  the  energy  levels  of  Ba  up  to  the  second  ionization  limit.^ 

The  Ba'^  levels  are  shown  as  bold  lines.  These  are  the  levels  for  one  of  the 
two  valence  electrons  added  to  the  closed  shell  Ba'^  core.  Note  that  for  i  <  4 
that  the  levels  are  energetically  separated  whereas  for  t  z  4  they  are  de¬ 
generate.  This  is  an  important  distinction.  Adding  the  second  electron  to 
a  low  £  state  of  Ba'*^  produces  a  small  shift  in  energy  of  the  Ba*  state,  at 
least  small  compared  tc  the  separation  of  the  low  Ba*  levels,  and  in  this 
case  adding  the  second  electron  produces  a  series  of  Ba  states  converging  to 
the  Ba*  state  as  shown  by  the  shaded  areas  of  Figure  1.  The  series  converging 
to  the  Ca*  6s  state  are  the  familiar  bound  states,  but  there  are  analogous 
autoionizing  series  converging  to  each  of  the  low  states  of  Ba"^.  This  is  of 
course  an  independent  particle  picture  which  has  been  shown  to  work  well  for 
low  i.  states  ntmt'  for  which  m-n>2.  For  m=n  however  we  would  expect  this 
picture  to  fail  as  the  two  electrons  would  be  equivalent  and  therefore  highly 
correlated.  ^ 

Turning  our  attention  to  the  high  .  Ba  states  of  Fig.  1,  we  see  that  they 
are  degenerate  and  that  there  are  no  Rydberg  states  shown  converging  to  them. 
The  fact  that  the  levels  are  degenerate  means  that  the  electric  field  of  the 
second  electron  mixes  and  shifts  the  levels  from  the  Ba'*'  level  posit'ons 
shown  in  Figure  1.  As  these  two  effects  will  depend  upon  the  precise  location 
of  the  second  electron  it  is  clear  that  the  motions  of  the  two  electrons  will 
be  correlated.  Thus  these  states  can  not  be  described  as  autoionizing  states 
converging  to  specific  high  states  of  Ba*.  ^ 

Here  we  shall  focus  on  the  Ba  states  converging  to  the  low  ;  states  of  Ba  , 
primarily  because  these  are  the  states  which  have  been  studied  experimentally. 
If  the  two  electrons  were  really  independent,  the  only  decay  mechanism  would 
be  radiative  decay.  In  fact  though  the  coulomb  interaction  of  the  electrons 
couples  the  doubly  excited  states  to  the  continue  above  lower  lying  Ba'*'  states, 
and  the  doubly  excited  states  autoionize  rapidly  to  the  degenerate  continue. 
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Ba+-^ 


^  FIGURE  1  ^ 

The  energies  of  Ba  and  Ba  up  to  the  second  ionization  limit.  The  Ba  states 
are  shown  as  bold  lines,  and  the  Ba  states  converging  to  them  are  shown  by  the 
stri ped^l i nes .  This  simple  picture  fails  for  the  Ba  s+ates  converging  to  the 
high  Ba  states,  so  no  Ba  states  are  indicated. 

4 

Although  fcr  many  years  autoionizing  states  may  have  been  more  of  a  cur¬ 
iosity  than  anything  else,  recently  it  has  become  increasingly  clear  that  they 
have  real  practical  significance.  For  example,  the  inverse  of  autoionization 
is  dielectronic  recombination,^  a  two  step  process  in  which  an  ion  captures  an 
electron  tc  form  an  autoionizing  state  which  may  either  autoionize  or  radlat- 
ively  decay  to  a  state  below  the  lowest  ionization  limit. 

If  radiative  decay  rather  than  autoionization  occurs  in  the  second  step 
dielectronic  recombination  has  occured.  This  process  is  used  as  a  temperature 
diagnostic  for  astrophysical  plasmas”  and  is  an  important  factor  in  radiative 
power  loss  by  impurity  ions  in  tokamak  plasmas  because  it  lowers  the  charge 
state  of  these  ions  .  It  is  clear  that  to  reach  any  sort  of  understanding  of 
dielectronic  recombination  requires  that  the  process  of  autoionization  be  well 
understood.  In  addition  to  its  obvious  role  in  plasmas,  autoionizing  states 
have  mostly  become  the  focus  of  several  schemes  to  produce  lasers  at  visible 
and  -.horter  wavelengths. ^>5  In  fact  a  laser  using  a  Ba'*'  transition  has  al¬ 
ready  been  made  by  photoexciting  Ba  autoionizing  states  whi  h  rapidly  decayed 
to  the  excited  Ba'*'  state°  which  was  the  upper  laser  level. 

Autoionizing  states  are  inherently  more  complex  than  their  bound  analogues 
due  to  the  coupling  to  the  degenerate  continua.  In  traditional  spectroscopy 
this  situation  has  been  further  complicated  by  the  fact  that  photoexcitation 
to  the  doubly  excited  states  and  the  underlying  continua  are  comparable  in 
strength  and  interfere  to  produce  the  Beutler-Fano  interference  profiles 
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coKnonly  associated  with  autoionizing  states 

Here  we  describe  a  multistep  laser  excitation  approach  with  which  it  is 
possible  to  excite  only  the  doubly  excited  state  but  not  the  degenerate 
continuum, thus  untangling  the  excitation  from  the  study  of  the  interaction 
of  the  doubly  excited  state  with  the  continuum.  The  simplicity  of  this  ex¬ 
perimental  approach  allows  the  detailed  study  of  inherently  complex  problems, 
such  as  interacting  autoionizing  series^^.  Here  we  briefly  review  the  exper¬ 
imental  multistep  excitation  approach,  and  describe  several  applications  of  Lho 
msthod. 


2.  MUITISTEP  EXCITATION 

The  multistep  excitation  scheme  is  perhaps  unusual  in  that  it  is  both  coiir, 
centually  and  practically  simple.  The  method  was  first  used  by  Cooke  et  al .  ‘ 
tn  study  the  5pnC  autoionizing  states  of  strontium,  which  are  analogous  to  be 
lia  opni  states  shown  in  Fig.  1.  Since  then  the  method  has  been  applied  and 
extended  by  several  research  groups  to  a  variety  of  problems.  Since  we  shall 
later  consider  the  excitation  of  the  Ba  6pnd  states,  we  shall  use  them  to 
illustrate  the  method. '2, in  pig.  2  we  show  the  relevant  energy  levels  for 
the  excitation  of  the  Ba  6pnd  levels. 


Ba^ 


Ba 


J  =  3 


FIGURE  2 

Ba  energy  levels  showing  the  laser  excitation 


As  shown  by  Fig.  2,  there  are  three  lasers  involved  in  the  excitation.  The 
first  and  second  lasers,  at  fixed  wavelengths,  excite  the  Ba  atoms  from  the 
6s6s  level  to  the  6s6p  level  and  then  to  a  6snd  level,  a  bound  Rydberg  state. 
The  third  laser  drives  the  transition  6snd  -  6pnd,  from  the  bound  6snd  Rydberg 
state  to  the  autoionizing  Rydberg  state,  which  autoionizes  yielding  an  ion  and 
an  electron.  As  the  third  laser  is  swept  through  the  6pnd  state,  we  observe 
an  ionization  signal  proportional  to  its  spectral  density--  and  essentially 
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nothing  else.  Why  this  method  works  so  simply  becomes  clear  if  we  pnsider 
what  we  are  doing  to  the  atom  with  each  laser,  as  shown  schematically  in  Fig.  3. 

As  shown  by  both  Figs.  2  and  3,  the  first  two  lasers  excite  one  of  the 
electrons  to  a  Rydberg  state.  From  Fig.  3,  though,  it  is  clear  that  the  outer 


LASERS  1  a  2 


FIGURE  3 

Sketch  of  the  effort  of  the  lasers  in  the  Ba  atom.  The  first  two  lasers  excite 
one  electron,  and  the  third  laser  excites  the  second  electron. 


Rydberg  electron  spends  most  of  its  time  far  away  from  the  ionic  core  near  its 
classical  turning  point  at  large  orbital  radius.  The  third  laser  drives  the 
inner  electron  transition  6s  6p  while  the  outer  electron  remains  a  spectator, 
which  makes  small  adjustments  in  its  orbit  as  required  by  any  difference  in 
quantum  defect  of  the  6snd  and  6pnd  states.  We  note  that  this  is  the  resonance 
line  of  Ba'*’,  f  1.1,'^  and  it  is  spread  over  the  autoionization  width  of  the 
6snd  state,  10  cm'l  This  leads  to  peak  optical  absorption  cross  sections 
for  the  excitation  of  the  6snd  »  6pnd  transitions  of  10"'^  cm.^  This  is  to  be 
compared  with  direct  photoionization  of  the  Rydberg  state  6snd  (6snd  -»  Sscf, 
for  example)  by  a  visible  photon.  Because  of  the  gross  mismatch  between  the 
slow  spatial  oscillations  of  the  nd  radial  wavefunctions  near  the  classical 
turning  point  where  the  nd  electron  is  likely  to  be  found  and  the  rapid  spatial 
osillations  of  2  eV  continuum  waves,  the  direct  photoionization  cross  section 
is  negligible,  10"‘®  cm‘.l5  Since  photoionization  is  effectively  absent,  at 
any  photon  energy  there  is  only  one  non  zero  transition  amplitude,  6snd-6pnd. 
Thus,  we  observe  directly,  free  of  the  usual  Beutler-Fano  interference,^®  the 
6pnd  state.  As  we  shall  see  shortly  the  6pnd  state  appears  as  a  nearly 
Lorentzian  feature  whose  center  gives  the  energy  of  the  state  and  whose  width 
gives  the  total  autoionization  rate. 

The  physical  arguments  used  to  describe  the  excitation  of  the  auuoionizing 
states  can  be  put  on  a  rigorous  basis'®’*'  using  quantum  defect  theory,  and 
this  understanding  has  been  used  to  develop  some  novel  techniques  for  the  study 
of  bound  and  autoionizing  states,  for  example  better  values  of  the 
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ionization  limit. 20 

The  experiments  are  done  in  a  laser-atomic  beam  apparatus  shown  in  Fig.  4. 
Three  pulsed  dye  lasers  are  all  pumped  by  the  same  Nd:YAG  pump  laser.  The  dye 


FIGURE  4 

Schematic  diagram  of  the  apparatus. 


lasers  are  modest  by  any  standard,  100  ;.j  pulse  energies,  1  cm"  linewidths, 
and  5  ns  pulse  durations.  The  three  dye  laser  bepp;s  are  brought  together  at  a 
small  angle  where  they  cross  the  atomic  beam,  and  their  optical  path  lengths 
are  arranged  so  that  the  second  and  third  laser  pulses  come  about  5  ns  and 
10  ns,  respectively,  after  the  first  pulse.  The  atomic  beam  apparatus  is  one 
50-cm  diameter  vacuum  chamber  at  a  pressure  of  10"®  torr.  The  atomic  beam 
effuses  from  a  resistively  heated  oven  10  cm  from  the  interaction  region  ami 
has  a  density  from  10°  cm‘°  to  lO'^  cm"3  in  the  interaction  region,  which  con¬ 
sists  of  a  plate  and  a  grid  1  cm  apart.  About  1  os  after  the  laser  pulses,  e 
positive  voltage  of  100  V  is  applied  to  the  lower  plate  to  drive  the  resultirc. 
ions  through  the  grid  in  the  upper  plate  to  the  particle  multiplier.  The 
multiplier  signal  is  detected  with  a  gated  integrator  and  recorded  as  the  y 
signal  with  an  x-y  recorder. 

In  practice  an  experiment  consists  of  setting  the  first  two  lasers  to  excicu 
a  chosen  6snd  Rydberg  state,  tuning  the  third  laser  through  the  6pnd  state,  an 
recording  the  ion  signal  as  a  function  of  wavelength  (the  x  signal  for  the 
recorder).  An  example  is  shown  in  Fig.  5,  which  is  a  recording  of  the 
oslSd^D^-Gp,  .plSdj.,  transition.  As  shown  by  Figure  5  there  is  essentially  one 
strong  peak,  corresponding  to  the  state,  and  its  energy  and  spec¬ 

tral  width,  which  is  a  direct  measure'of  tni'^autoionization  rate,  may  be  read 
directly  from  Figure  5. 


3.  APPLICATIONS  OF  THE  METHOD 

Using  the  multistep  excitation  method  which  is  inherently  simple  it  is 
possible  to  unravel  complex  problems.  To  illustrate  this  we  shall  consider 
two  examples,  the  study  of  theBaGpndj.j  states  and  the  study  of  the  higher 
lying  nsms  and  nsmd  states. 

A.  The  Ba  6pnd  Se"ies 

The  Ba  6pnd  series  have  been  studied  extensively  using  the  multistep  laser 
excitation  scheme.  In  fact  much  of  our  understanding  of  how  to  treat  the 
spectra  theoretically  has  come  from  the  study  of  the  6pnd  series.  There  are 
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TERM  ENERGY  (cm'’) 

FIGaRE  5 

Recording  of  the  6.15d  'D2-6P3/2  ISd'*'  J=3  transition  which  yields  immediately 
the  position  and  width  of  the  6P3/2  ^^d'*'  level. 

three  J=3  6pnd  series,  the  6pi/2  series  converging  to  the  6pi^2 

limit  and  two  series  converging  to  tne  6P3/2  limit  which  are  shown  in  Figure  6 
as  the  6p3/2nd±  series.  The  6p3/2'’'^*  series  are  substantially  overlapped  as 
their  widtns  are  roughly  equal  to  their  separations.  ,  2 

By  coincidence  however  the  choice  of  the  initial  £snd  D2  or  '^02  state  lea^s 
respectively  to  the  predominant  excitation  of  the  6p3/2  nd'*'  and  6p3/2nd"  states. 
iliL-se  labels  are  chosen  merely  to  reflect  the  energy  positions  as  no  single 
coupling  scheme  seems  to  be  appropriate. '3,21  Although  the  selectivity  in  e;;  ■ 
citation  is  somewhat  puzzling,  as  a  consequence  the  three  series  of  6pndj=3 
states  can  be  excited  separately,  making  their  experimental  study  particularly 
straightforward.  To  begin,  the  positions  and  widths  of  these  levels  have  been 
determined. 13,13,41  observed  positions  are  the  basis  of  Figure  6,  and  the 

widths  are  shown  in  Figure  7.  The  widths  show  clearly  the  effects  of  the 
interseries  interactions  which  might  have  been  anticipated  from  the  energy 
level  diagram  of  Fig.  6.  As  shown  by  Fig.  6  the  603/2  'O'!  states  are  degener¬ 
ate  with  the  6pi/2  ndg/p  states  for  n=20.  This  interseries  coupling  leads  to 
the  large  increase  in  the  autoionization  rates  of  the  Bp,,,  ndc/o  states  at 
n*=  17  as  shown  by  Figure  7.  ^ 

Careful  scrutiny  of  Figure  7  reveals  that  the  6P3/2  9nd''‘  and  6P3/2  lOd"^ 
states  are  not  shown  on  the  graph  because  they  are  so  wide  that  they  overlap 
several  6pi/2  states  and  are  highly  structured  due  to  the  interseries 

interaction.  We  snow  in  Figure  8  the  6slOd'D2-  603/2  lOd'*’  spectrum,  as  well  as 
the  quantum  defect  theory  fit  to  the  spectrum.  This  is  to  our  knowledge  the 
first  synthetic  spectrum  calculated  for  interacting  autoionizing  atomic  series. 
It  was  based  upon  the  approach  used  by  Fano^3  which  is  ideal  for  photoexcita¬ 
tion  from  the  ground  state  but  slightly  awkward  for  the  multistep  excitation 
method.  More  recently  Cooke  and  Cromer33  and  Giusti  Suzor  and  Fano^^  have 
developed  formulations  of  quantum  defect  theory  which  are  better  matched  to  the 
multistep  excitation  method,  and  these  approaches  have  been  used  to  reproduce 
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the  spectrum  of  Figure  7  and  similar  spectra.  ’ 

The  spectrum  from  the  6sl0d3D2  state  to  the  6p3/2l0d*  state,  shown  in 
Figure  9  provides  an  interesting  contrast.  The  6p3/2l0d"  state  is  first  of  all 
much  narrower,  and  second  exhibits  almost  no  interaction  with  the  bpi/o  nd5/2 
states.  Presumably  the  fact  that  the  6P3/2  nd"  states  are  generally  narrower 
than  the  6P3/2  states  above  the  6p')^2  is  due  to  the  analogous  lack 

of  interaction  of  the  6p3/2nd"  states  with  the  6pi/2e  d5/2  continuum.  Further¬ 
more  it  is  interesting  to  note  that  the  6p3/2nd"  and  bpwo  ntis/z  series  have 
the  same  widths  which  indicates  that  their  couplings  to^tne  Gscf  and  5dce  con- 
'.inua  are  the  same,  perturbations  excepted. 

B.  Higher  lying  states 

As  was  mentioned  in  the  introduction  the  isolated  electron  picture  which 
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FIGURE  7  ^ 

Autoionization  rates  of  the  three  6pnd  0=3  series  f'Pi/2  ^05/2!*).  6P3/2  nd  (•), 
and  6p3/2f'd"(«) .  The  perturbations  in  the  6p-)/2nri3/o  series  are  quite  evident. 


works  so  well  for  the  low  lying  autoionizing  states  might  be  expected  to  col¬ 
lapse  for  Ba  states  converging  to  high  states  of  the  Ba'*'  core  or  for  n  m' 
states  where  n  =  m  irrespective  of  the  values.  As  the  latter  states  are  access¬ 
ible  with  photoexcitation  they  have  been  subject  to  experimental  studies  by 
several  laboratories  using  a  variety  of  ingenious  techniques. 18,19,26,27 
An  impressive  series  of  measurements  has  been  done  at  Bell  Laboratories  by 
Freeman  et  al  in  which  the  bound  Ba  6sns  and  6snd  states  were  excited  as  in 
Figure  2,  but  the  final  excitation  was  not  a  single  photon  transition  as  shown 
by  Figure  1,  but  a  two  photon  transition  to  the  Ba  states  such  as  lOsns  or 
lOsnd.^'  Since  the  transiiton  is  a  two  photon  transition,  it  requires  a  high 
laser  power  density,  and  the  nonresonant  single  photon  excitation  to  a  Ba'''  con¬ 
tinuum  provides  a  significant  background  signal  which  obscures  and  diminishes 
the  two  photon  signal  of  interest.  Thus  to  detect  the  two  photon  excitation  by 
merely  looking  at  the  total  ionization  is  not  usually  sufficient,  and  other 
techniques,  such  as  monitoring  very  energetic  electrons,  Ba"''  fluorescence,  or 
the  production  of  Ba'*"*’  must  be  used.  Using  these  techniques  they  have  measured 
the  positions  and  total  autoionization  rates  of  the  ndmd  and  nsms  states  for  n 
up  to  11  and  m-n  2.  In  spite  of  the  close  approach  of  the  quantum  numbers  no 
graphic  evidence  of  strong  electron  correlations  was  observed.  However  the 
gradual  increase  of  quantum  defeats  was  observed  as  well  as  an  interesting 
variation  of  the  scaled  widths  m-'ras  the  value  of  the  inner  electro"  is  in¬ 
creased.  In  Figure  10  we  show  the  variation  in  the  scaled  widths.  For  the 
nsms  states  the  widths  are  virtually  constant  while  for  the  nsmd  states  they 
increase  with  n.  A  qualitative  explanation  of  this  is  the  fact  that  in  the 
nsms  states  neither  the  ns  or  ms  electrons  experiences  a  centrifugal  barrier 
and  thus  both  electrons  may  be  found  close  to  the  Ba"*"*'  core.  Thus  increasing 
the  size  of  the  inner  electron's  orbit  does  not  substantially  alter  the  overlap 
of  the  two  electron's  orbits  or  their  interaction.  On  the  other  hand  in  the 
nsmd  states  the  outer  md  electron  is  forced  out  from  the  origin  by  the 
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ENERGY  (cm-’) 

FIGURE  8 

The  6sl0d'02  -  6p3/2f'd^  spectrum,  observed  ( - ),  calculated  by  QDT  ( - ) 


centrifugal  potential,  and  as  the  inner  electron  orbit  is  increased  in  size  by 
increasing  n  the  overlap  and  hence  the  interaction  is  increased.  At  this  point 
no  serious  theoretical  calculations  have  been  undertaken  to  explain  these  ob¬ 
servations  although  it  would  clearly  be  informative  to  do  so. 


4.  CONCLUSION 

Atomic  autoionizing  states  are  of  both  practical  and  intrinsic  interest,  and 
these  atoms  may  be  studied  in  extraordinary  detail  by  multi  step  laser  tech¬ 
niques.  These  techniques  are  attractive  for  two  reasons.  As  with  most  laser 


ENERGY  (cm  ') 


FIGURE  9 

The  6sl0d^D2-6p3y2l0dd"  spectrum  observed  ( - ),  calculated  by  QDT  ( . ). 
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experiments,  a  small  number  of  atoms  is  sufficient,  allowing  us  to  use  atoms  in 
an  atomic  beam  and  incorporate  more  sophisticated  diagnostic  tools  such  as 
electron  energy  analysis  which  are  out  of  the  question  in  an  absorption  cell. 

In  addition  they  are  conceptually  and  experimentally  straightforward  allowing 
one  to  unravel  physically  complex  problems. 


CORE  PRINCIPAL  QUANTUM  NUMBER 


FIGURE  10 

Scaled  autoionization  rates  of  the  Ba  msns  (0)  and  msnd  (□)  autoionizing  states 
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Multichannel  Quantum  Defect  Theory  provides  a  unified  treatment  of  infinite 
Rydberg  states,  autoionizing  states  and  their  adjoining  continua  for  atoms 
and  molecules.  The  scope  of  applications  has  been  reviewed.  Our  recent 
results  on  the  correlations  of  the  dynamics  for  excited  atoms  and  molecules 
are  presented.  We  also  discuss  further  developements  on  Multichannel  Quantum 
Defect  Theory. 


1.  INTRODUCTION 

Multichannel  Quantum  Defect  Theory  (1,2,3)  provides  a  unified  treatment  of 
excited  bound  states  and  their  adjoining  continua  for  atoms  and  molecules.  The 
level  positions  of  the  excited  states  forming  perturbed  Rydberg  series  and 
various  cross  sections  of  low-energy  electr' .i-ion  collisions  corresponding  to 
adjoining  continua  can  be  quantitatively  described  in  terms  of  the  eigenchannel 
parameters  (eigen  quantum  defects  and  transformation  matrix).  Tliis  compact  set 
of  parameters  is  related  to  the  short-range  scattering  matrix  and  varies 
smoothly  with  excitation  energies  in  the  neighborhood  of  the  thresholds. 
Formally,  it  can  be  regarded  as  a  nice  analytic  property  of  the  scattering 
matrix.  Practically,  it  is  very  powerful  in  creating  these  complicated  spectral 
phenomena  and  the  related  collision  processes. 

Before  outlining  the  scope  of  applications,  let  us  briefly  review  the  phy¬ 
sical  picture  in  the  theoretical  treatment.  A  highly  excited  atom  or  molecule 
with  the  excitation  energies  below  the  double  ionization  threshold  usually 
consists  of  an  electron  (bound  or  unbound)  and  a  residual  ion.  The  physical 
clue  is  following:  Within  a  reaction  zone  in  the  configuration  space,  the 
electron  and  the  fon  will  strongly  couple  together  and  form  an  excited  complex. 
On  the  contrary,  outside  the  reaction  zone  the  interaction  between  the  electron 
and  the  ion  can  be  adequately  described  as  the  Coulomb  potential.  Thus,  the 
wavefunction  outside  the  reaction  zone  can  be  written  rigorously  in  an  analytic 
form.  More  specifically,  wavef unctions  with  a  specific  total  angular  momentum  J 
and  parity  tt  outside  the  reaction  zone  can  be  expressed  as  superpositions  of 
Coulomb  wavef unct ions 

1  =  1  k<t>^.(f^(r)c^+g^(r)d,l)  (D 

The  index  i  indicates  various  couplings  between  the  electron  and  the  residual 
ion,  and  identifies  the  dissociation  channels  outside  the  reaction  zone.  The 
symbol  A  antisyrnmetrization  operator.  The  is  a  combined  wavefunction 

of  the  residual  ion  with  the  specific  coupling.  The  regular  radial  Cou  omb 
function  f(r)  and  the  irregular  radial  Coulomb  function  gif)  are  continous 
functions  of  energy  across  the  threshold,  and  are  normalized  per  unit  energy 
range  (2,3).  The  coefficients,  and  are  determined  by  the  boundary 
conditions  of  the  reaction  zone  and  the  asymptotic  boundary  conditions  at 
infinity.  To  distinguish  these  two  types  of  boundary  conditions,  equation  (1) 


*The  previous  name  as  C.M.Lee 
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can  be  recasted  into 


'i-lM  i[f  i(  r)  (ZV  .^cos^^^A  J  -g  .(r)  ( lU  .^sinr^^s  Ji  ] 
=  l[  (  r-jcosT^v^-g^  (  r)  sirn<  v  J '\A  ^ 


The  parameters,  and  lumping  the  dynamics  within  the  reaction  zone 

represent  the  boundary  conditions  of  the  reaction  zone,  and  are  related  to  the 
short-range  scattering  matrix  (apart  from  analytically  knovm  Coulomb  phase 
shifts) ,  namely , 


5  .  .  =  ri/.  exp(io.-n\i  )U  • 

X.  J  -  7  .  /-*  7 


(3) 


The  index  a  labels  the  eigenchannels  which  characterize  the  dynamics  of  the 
excited  complex  — —  diagonal  representations  of  the  short-range  scattering 
matrix.  The  eigenchannel  parameters,  eigen  quantum  defects  u^and  transforma¬ 
tion  matrix  ^ vary  smoothly  with  energy  in  the  neighborhood  of  the 
thresholds.  The  eigenchannel  wavefunctions  and  the  relevant  transition 
matrix  elements  are  also  continuous  functions  of  excitation  energy.  Formally, 
it  is  the  nice  property  of  the  scattering  matrix.  In  pratice,  the  smooth 
energy  dependence  is  the  reason  why  Multichannel  Quantum  Defect  Theory  is  a 
very  powerful  method  to  treat  the  spectral  phenomena  and  the  relevant  low- 
energy  collision  processes  in  a  unified  manner.  Because  of  the  smooth  energy 
dependence,  the  eigenchannel  parameters  and  the  relevant  transition  matrix 
elements  can  be  computed  with  minimum  efforts  by  either  first-principle 
theoretical  calculations  (4)  or  by  semiempirical  fitting  to  the  spectro¬ 
scopic  data  (5,6).  Subsequently,  the  mixing  coefficients  can  be  determined 
analytically  by  imposing  the  appropriate  asymptotic  boundary  conditions  at 
infinity  (2, 3, 4, 5).  These  boundary  conditions  differ  for  the  different  ranges 
of  the  spectra:  Che  discrete  spectrum,  the  autoionization  spectrum  and  the 
continuum  spectrum.  In  the  discrete  spectrum,  the  mixing  coefficients  will 
provide  a  further  characterization  of  the  configurations  for  the  perturbed 
Rydberg  levels;  they  are  important  for  the  spectral  analysis,  for  example, 
oscillator  strength,  g  factor,  hyperfine  structure  etc,  (6,7,8,9,10,11).  In 
the  autoionization  spectrum  and  the  continuum,  the  mixing  coefficients 
pertain  to  the  scattering  matrix.  The  cross  sections  for  the  low-energy 
collisions  can  be  calculated  (12).  In  order  to  get  more  feeling  about  various 
applications  of  Multichannel  Quantum  Defect  Theory,  we  will  enumerate  more 
examples:  Rydberg  spectral  analysis  (13,14,15,16),  photoionization  (17,18,19), 
photoelectron  angular  distribution  <'20,21),  photoelectron  spin  polarization 
(21,22),  connection  between  the  tip  bremsstrahlung  and  radiative  recombination 
(23),  resonant  radiative  recombination  (dielectron  recombination)  (1,24,25), 
electron  impact  excitation  (1,12),  molecular  photoionization  (26),  photo¬ 
dissociation  (27)  and  dissociative  recombination  (28,  29).  Here,  1  must 
apologize  for  presenting  our  Interests  only.  Anyway,  such  a  list  suffices  to 
show  collective,  International  efforts  and  the  scope  of  applications. 

The  key  issue  at  present  will  be  the  determination  of  these  vitally 
important  eigenchannel  parameters  and  the  relevant  matrix  elements  with  an 
adequate  accuracy.  Although  there  have  existed  some  computational  programs 
for  atoms  such  as  variational  eigenchannel  method  (4),  R-matrix  method  (30,31), 
and  relativistic  random  phase  approximation  (19),  a  flexible  computational 
scheme  directly  aiming  at  the  eigenchannel  parameters  is  still  not  available. 

At  the  Institute  of  Physics,  Academia  Sinica,  we  have  started  a  project  to 
establish  such  flexible  computation  schemes  for  atoms  and  molecules.  The 
details  of  the  theory  is  beyond  the  scope  of  the  article.  We  here  will  present 
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our  preliminary  results  and  our  opinion  on  the  developments  of  Quantum  Defect 
Theory. 


2.  DYNAMICS  OF  EXCITED  ATOMS 


The  energy  spectra  of  the  excited  atoms  or  ions  usually  contain  Rydberg 
series  in  which  there  are  infinite  number  of  excited  bound  states  and  auto- 
ionizing  states  converging  to  different  ionization  thresholds.  As  the  com¬ 
pact  set  of  eigenchannel  parameters  has  been  determined,  the  level  positions 
of  the  perturbed  Rydberg  series  can  be  calculated  by  imposing  the  asymptotic 
boundary  conditions  at  infinity.  We  here  present  simple  examples  to  illustrate 
how  to  correlate  various  dynamical  properties  of  the  excited  atoms.  Figure  1 
shows  our  non-relativistic  calculations  of  the  eigenchannel  parameters  for 
the  lithium  isoelectronic  sequence  (the  p 

electron  occupation  number  N=3  with  the  -  -  -  - -r - 

atomic  number  ZS3).  This  is  an  0.2  \  / 

one-channel  problem.  Extension  to  j  ^  \  // 

multichannel  problems  is  merely  1  \  / / 

appropriate  superpositions  of  eigen-  ^  ^  \  ‘  ■  •  X/ 

channels  as  discussed  above.  The  eigen  ‘  V  7 

quantum  defect  for  each  partial  wave  is  .  ..  .  \ - 

continuous  function  of  the  reduced  |  -0,125  \  ^ 

energy  £  =  where  c7=2-N+l .  Below  the  /  ,  yy  -  * 

threshold,  the  orbital  energy  is  /  ^  ^7 

expressed  by  the  Rydberg  formula  (in  q  ^  /  - 1 — X| /b’e 

atomic  unit)  ’/  - 

^ 

^  (4)  ‘-O/  Ae+l 

Z(n-u)‘^  N/7  Li 

FIGURE  1 


where  n  Is  the  principle  quantum  rlGURE  i 

lAumber.  The  quantum  defect  measures  the 

degree  of  penetration  of  the  excited  radial  wavefunction  as  a  "phaseshift"  in 
unit  of  TT  with  respect  to  the  corresponding  radial  Coulomb  wavefunction.  Thus, 
the  |j  is  smoothly  jointed  to  the  short-range  phase  shift  6^/7Tfor  the 
electron-ion  collision  in  each  partial  wave.  In  this  way.  Figure  1  will 
concisely  summarize  all  excited  states  of  atoms  or  ions  along  the  lithium 

isoelectronic  sequence.  The  quantum 
defect  of  the  s  wave  is  larger  than 

P  I  1  that  of  the  p  wave,  since  the  excited  s 

I  orbitals  have  higher  degree  of 

I  penetration  into  the  ionic  core.  Owing 

2  _  II  centrifugal  potentials,  the 

jl  quantum  defects  for  high  partial  waves 

11  .  t^2  are  almost  zero  and  the  excited 

//  /  orbitals  with  fil  are  then  hydrogenic 

2,-  /jff  j  in  nature.  As  the  atomic  number  Z 

/jff  /  increases,  the  quantum  defects  decrease. 

Because  the  nuclear  attractive  Coulomb 
y  potential  becomes  dominant,  all  excited 

1.'  orbitals  become  semi-hydrogenic .  Figure 

2  shows  our  relativistic  calculations 
g  eigenchannel  parameters  at  €  =0 

_ ^  cesium  isoelectronic  sequence. 

.0  0,5  0.873  N/Z  There  exist  very  interesting 

FIGURE  2  6s-5d-4f-5p  orbital  competitions  (32). 

The  quantum  defects  of  the  penetrating 


0.873  N/Z 
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channels  decrease  as  the  atomic  number  Z  increases.  The  quantum  defect  of  the  f 
channel  jumps  at  Z=56  wnere  the  AT  orbital  is  collapsing  from  the  outer  valley 
into  the  inner  valley.  As  the  atomic  number  increases  further,  all  quantum 
defects  decrease  and  the  excited  orbitals  become  semi-hydroger.ic .  For  Z>63 
{N/Z50.873),  it  becomes  a  multichannel  problem  since  the  samarium  ion  Sm  VIII 
has  the  ground  electronic  configuration  (core)  5p^4f ;  the  quantum  defec*"  of  the 
(IJ)  partial  wave  represents  the  statistical  mean  value  of  the  eigen  quantum 
defects  involved  with  the  ( )  waves. 

We  now  return  to  the  dynamics  of  excitations  into  these  infinite  bound 
states  by  electron  impacts.  The  differential  cross  se^'tion  can  be  written  as 
(in  atomic  unit) 


d  A  E  k  .  ' 

where  T=k.^/2  is  the  incident  kinetic  energy,  A  F,  the  excitation  and  Q  =K-*-K.- 
the  momentun  transfer.  The  ;‘’(AE,Q,T)  is  the  effective  generalized  oscillator 
strength.  As  the  incident  energy  increases,  the  /(AE»Q,T)  converges  to  the 
generalized  oscillator  strength  f(AE,Q)  which  is  independent  of  the  incident 
kinetic  energy  (33,34).  For  excitations  into  infinite  Rydberg  states,  the 
generalized  oscillator  strength  density  can  be  defined  as  the  strength  per  unit 
reduced  excitation  energy  (35,36) 


d/(AE,Q) 

dc 


s.  f  ,  ( A.  E  ,  Q )  •  N  ‘ 


[6) 


where  the  is  the  channel  density  of 
state.  The  is 


2 

ii>  L  ..  .  - . -  _ _ .. 

The  is  simply  (n- p) ^+du/dt  for 
one-channel  problems,  Ir  Figure  3,  we 
present  our  theoretical  results  of  the 
generalized  oscillator  strength  density 
for  the  excitations  from  the  lithium 
ground  state  Into  the  s  channel.  The 
generalized  oscillator  strength  density 
forms  a  smooth  surface  since  the  matrix 
elements  between  the  initial  state  and 
the  eigenchannel  are  continuous 
functions  of  excitation  energy.  Based  on 
this  smooth  surface,  we  can  conveniently 
correlate  all  high-energy  excitation 
cross  sections  from  the  lithium  ground 
state  into  infinite  Rydberg  states  r7s, 
n";3.  Furthermore,  the  generalized 
oscillator  strength  density  has  an 
interesting  scaling  relation  along  the 
isoelectronic  sequence  (36).  For  the 

optical  allowed  excitation  from  the  lithium  ground  state,  Fif^uro  4  displays  the 
generalized  oscillator  strength  density  for  the  p  channel.  At  the  first  glance, 
the  surface  exhibits  very  interesting  features.  Since  the  generalized  oscillator 
strength  density  is  proportional  to  the  square  of  the  matrix  elements,  the  nodal 
curve  at  which  the  matrix  elements  vanish  as  shown  in  Figure  5  gives  rise  to  the 
behavior.  The  matrix  elements  themselves  form  a  smooth  surface. 


FIGURE  3 


As  the  momentum  transfer  Q  approaches  zero,  the  generalized  oscillator 
strength  density  converges  to  the  oscillator  strength  density  which  is 
proportional  to  the  absorption  cross  section  in  he  photon  Impact  process. 
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FIGURP.  U  »-'ICUHE  3 


Becnuso  of  the  nodnl  surface,  the  oscillator  strength  densif  has  a  zero 
between  the  2p  state  and  the  ip  state  as  shown  in  Figure  If  a  zero  is 
located  abt)ve  the  tljreshold,  it  is  usually  called  t!)e  Cooper  minimum  (37).  Tht 
excited  atoms  sc^metimes  have  more  than  two  zeros  (38).  Here  we  ..ill  correlate 
the  zeros  for  excited  atoms  (39).  As  illustrated  aoove,  all  excited  statts 
forming  the  Rvdberg  scries  can  be  concisely  summarized  by  a  compact  set  of  the 
smoothly  energy-dependent  eigenchanuel  parameters,  in  particular  the  quantum 
defects  at  tlie  threshold,  ('►wing  t('  tiu>  dipole  selection  rule,  photoabsorpt ion 
will  lead  to  the  specific  final  channel.s  which  c<in  be  alst>  represented  by  the 
corresponding  quantum  defects.  In  case  of  multichannel  problems,  the  quantum 
defect  is  the  statistical  mean  value  of  the  relevant  eigen  quantum  defects.  The 
dipole  matrix  element  is  an  integral  involving  the  product  of  the  initial  and 
final  wave funct ions  which  are  Coulomb 
waves  with  the  corresponding  phase 


shifts  and  respectively.  For  an 

excited  state  witti  the  principle  quantum 
number  the  energy  position  of 

the  zero  is  related  to  the  difference  of 
the  quantum  defects,  namely  Since 

the  *(n)  weakly  depends  on  the  principle 
quantum  number  (39,40),  we  can  define 
i=lim5(>':).  As  :^=0,  the  zero  of  the 

oscillator  strength  densitv  in  the 
specific  final  channel  is  located  below 
the  threshold  in  Che  same  way  as  shown 
in  Figurp  4.  While  6''0,  the  zero  fs 
located  above  the  threshold.  Thus,  we 
can  correlate  the  number  of  the  zeros  of 
the  oscillator  strength  densities  for 
the  excited  atom.s  by  examing  the 
relation  between  and  Ap  =  g 
threshold.  Figure  6  displays  the 
relation. 


FIGURE  6 
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(A)  ForAu<0,  it  corresponds  to  the  partial  oscillator  strength  density 

for  photoabsorption  form  the  initial  channel  with  I  into  the  final  channel  with 

Ul, 

(A-1)  •-0.4<Ap<0.,  there  exists  one  zero  below  the  threshold. 

(A-2)  -1 .0< Ap<-0.4,  there  exists  one  zero  above  the  threshold. 

(A-3)  -1 . 5 < AiJ< -1 . 0 ,  there  exist  two  zeros;  one  above  the  threshold. 

Another  one  below  the  threshold  disappears  if 

(A-4)  -0 . 2 < Ap< -1 . 5 ,  there  exist  two  zeros  above  the  threshold. 

(A-5)  -2 . 5 < Ap < -2 . 0 ,  there  exist  three  zeros;  two  of  them  above  the 

threshold.  The  third  one  below  the  threshold 
disappears  if  + 

(A-6)  -3.0<Au<-2.5,  there  exist  three  zeros  above  the  threshold. 

(B)  ForAp^O,  it  corresponds  to  the  partial  oscillator  strength  density  for 
photoabsorption  from  the  I  chann*?!  into  the  1-2  channel. 

(B-1)  0.0  £Ap<  0,6,  no  zeros. 

(B-2)  0.6  <Ap<  1.0,  there  exist  two  zeros;  one  above  the  threshold.  Another 

one  below  the  threshold  disappears  if  ^  kI  ( K-h]  )  (  I- 2  ) 

(B-3)  1,0  <Ap<  2.0,  one  zero  above  the  threshold.  Except  for  the  g-f 

transition,  as  the  final  f  channel  exists  the  resonance 
due  to  the  radial  wavefunction  moving  from  the  outer 
valley  into  the  inner  valley,  there  will  be  some 
dynamically  induced  zeros. 

Based  on  these  relations,  we  can  correlate  the  partial  oscillator  strength 
density  minima  for  the  excited  atoms;  for  example,  we  expect  that  the  excited 
Ne  in  the  3s  states  has  a  phot'-absorption  window  above  and  near  the  threshold, 
and  the  excited  Ar  in  the  4s  states  has  a  photoabsorption  window  little  far 
above  the  threshold.  These  photoabsorption  windows  have  been  confirmed  by  the 
recent  experiments  (41). 


3.  DYNAMICS  OF  EXCITED  MOLECULES 

The  highly  excited  states  of  molecules  usually  can  be  seperated  into  two 
classes:  (1)  infinite  Rydberg  states  with  the  electron  configurations 
consisting  of  the  molecular  ion  and  the  Rydberg  molecular  orbital,  (2)  some 
non-Rydberg  states  characterized  by  the  electron  configurations  involved  with 
excitations  of  the  valence  molecular  orbitals.  These  states  may  be  strongly 
perturbed.  Such  excited  molecular  complex  produced  by  photon-impact,  electron 
-impact  or  other  excitation  processes  may  be  ionized  or  dissociated.  Under  the 
framwork  of  Multich.mnel  Quantum  Defect  Theory,  these  perturbed  states  can  be 
treated  in  a  unified  manner.  The  infinite  perturbed  Rydberg  states  and 
autoionizing  states  can  be  concisely  correlated  by  the  smoothly  energy- 
dependent  eigenchannel  parameters.  The  configuration  mixings  between  the 
Rydberg  and  non-Rydberg  states  can  be  expressed  in  terms  of  the  interaction 
matrix  elements  between  the  eigenchannels  and  the  non-Rydberg  states.  The 
electronic  parts  of  the  matrix  elements  also  vary  smoothly  with  the  energy(28). 
Perturbations  of  Rydborg  states  by  the  non-Rydberg  states  usually  lead  to 
predissociatioii. 

In  this  report,  we  will  present  our  theoretical  calculations  of  the  elec¬ 
tronic  parts  of  the  eigenchannel  parameters.  A  multiple-scattering-self- 
rons Lstent-f ield  method  with  a  muffin-tin  approximation  (42)  is  adopted  to 
calculate  the  multicenter  self-consistent  potentials  for  the  molecules.  Based 
on  the  molecular  potential,  the  wavefunct ions  of  the  excited  Rydberg  states 
and  the  adjoining  contlnua  can  be  calculated  (43,44).  Figure  7  displays  the 
quantum  defects  for  the  NO  molecules.  The  internuclear  distance  is  at  the 
equilibrium  position  of  the  NO'*’  ions.  In  each  eigenchannel,  the  calculated 
quantum  defect  is  smoothly  jointed  to  the  short-range  phase  shift  at  the 
threshold.  Although  the  orbital  angular  momentum  Is  not  a  good  quantum  number, 
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the  orbital  angular  momentum  t  corres¬ 
ponding  to  the  largest  component  in  the  ^  I — ^ - 1 — -  ■  -  ■  .  .  _ 

eigenchannel  is  very  useful  to  charac-  — """sO 

terize  the  dynamics,  namely  so,  Po » 

P7t,*'‘etc.  as  shown  in  Figure  7.  Owing  1. 
to  the  quadratic  field  of  the  NO"*’  ion, 
the  so  channel  has  66%  s  wave  32%  d 
wave,  while  the  do  channel  has  31%  s 
wave  and  67%  d  wave.  In  other  channels 
such  as  Pq,  ptt,  dn,  d6,«**etc.,  the  ^5 

orbital  angular  momentum  I  is  a 
quasi-good  quantum  number;  for  example, 
the  Po  eigenchannel  has  97%  p  wave.  The 
higher  the  Z,  the  smaller  the  quantum 

defect  because  of  the  centrifugal  .0  - 

potential.  The  quantum  defect  of  the  s 
channel  is  the  largest,  the  quantum 

defects  of  the  eigenchannels  with  Z?3  |  ^ 

are  almost  zero  except  the  resonance  ,0  0.5  e(RydJ 

above  the  threshold  in  the  fo 

eigenchannel.  For  the  p  and  d  waves,  the  FIGURE  7 

components  perpendicular  to  the 

molecular  axis,  namely  Pi,  and  d^  eigenchannels,  have  larger  quantum  defects. 

The  corresponding  radial  wavefunctions  penetrate  more  into  the  molecular  ion 
core.  In  our  previous  theoretical  studies  (45),  we  adopted  a  single-center- 
expansion  close-coupling  method.  We  also  calculated  the  eigenchannel  parameters 
at  the  threshold  by  solving  Che  problem  of  low-energy  elec tron-NO"**  collision. 
Our  present  calculations  are  in  good  agreements  with  the  experimental  data  and 

our  previous  theoretical  results  (45).  .  ■■■  - .  - 

Figure  7  also  shows  some  interesting  "J!,  \ 

features  for  the  fo  eigenchannel.  There  S  \ 
is  a  shape  resonance  above  the  threshold  ^  \ 

(46).  Such  a  resonance  pertains  to  the  \ 

anti-bonding  molecular  orbital  (o2p)  \ 

between  Che  atoms  in  tne  second  row  of 
the  Mendeleev  Periodic  Table  (43).  ^ 

During  the  resonance,  Che  enhancement 
of  Che  p  waves  around  the  nucleus  will 
occur.  Thus,  such  a  resonance  is  related 

to  the  fine  structure  above  and  near  ^  5n  - 

the  X-ray  absorption  K  edges  (47,48).  ’  "" 

Figure  8  displays  the  relation  between 

Che  resonance  energy  position  and  the  40  '  —  — 

internuclear  distance,  ft  clarly  _2, 

manifests  the  fo  resonance  with  the  —  - 

(c2p)*  anti-bonding  nature.  Very  ^ 

interestingly,  the  resonance  energy 

decreases  as  Che  Internuclear  distance  ^ - - 

increases.  Such  relation  has  been  R(bohr) 

ultillzed  to  diagnose  the  relevant  bond 

length  of  the  molecules  chemisorbed  on  FIGURE  8 

the  surfaces  (47,48). 


R(bohr) 


4.  DISCUSSION 


We  have  shown  some  preliminary  results  of  our  theoretical  calculations  on 
the  eigenchannels  of  atoms  and  molecules.  Various  dynamical  properties  of 
excited  atoms  and  molecules  can  be  correlated  with  a  compact  set  of  the 
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eigenchannel  parameters.  Now  we  will  return  to  discuss  the  essence  of  our 
theoretical  method.  Our  calculations  begin  with  the  exact  Hamiltonians  for 
atoms  and  molecules 


H  =  Ho  +  (7) 

The  Hq  is  determined  by  self-consistent-field  calculations.  The  residual 
interaction  is  then  the  part  of  the  exact  Hamiltonian  which  has  not  been 

taken  into  account  in  the  self-consistent-field  calculations.  As  the  V^-gg  is 
not  negligible,  it  can  be  treated  successively  as  the  intrachannel  inter¬ 
actions  and  the  interchannel  interactions.  Each  channel  consists  of  infinite 
configurations  with  the  specific  angular  momentum  coupling.  Thus,  traditional 
treatments  via  configurations  and  configuration  mixings  is  extended  to  a  novel 
treatment  via  channels  and  channel  mixings.  Our  aim  is  to  determine  the 
smoothly  energy-dependent  eigenchannel  parameters  by  comparatively  minimum 
amount  of  computational  efforts.  Based  on  such  physical  meaningful  parameters, 
dynamical  properties  of  excited  atoms  and  molecules  can  be  correlated.  Further 
researches  along  tY  direction  are  in  progress. 

In  addition  to  t..-:  Coulomb  potential  outside  the  reaction  zone,  there  have 
been  some  attempts  to  treat  some  other  types  of  potentials  outside  the  reaction 
zone,  for  example  the  free  potential  (49),  the  l/r^  potential  (50)  and  the 
Coulomb-Stark  potential  (51).  All  these  approaches  are  based  on  the  same 
physical  clue.  Outside  the  reaction  zone,  the  wavef unctions  can  be  written 
"rigorously"  as  linear  combinations  of  the  regular  and  irregular  waves  with 
the  appropriate  coefficients.  Some  of  the  coefficients  are  determined  by 
matching  the  boundary  conditions  of  the  reaction  zone.  The  rest  of  the 
coefficients  can  be  treated  analytically  by  imposing  the  appropriate  asymptotic 
boundary  conditiont-  at  infinity.  Following  this  physical  picture,  one  may  ask 
how  about  the  dynamics  of  two  excited  electrons  outside  the  reaction 

zone  -  an  outstanding  problem  In  atomic  physics.  Near  the  double 

ionization  threshold,  it  will  involve  infinite  number  of  channels  and  become  a 
formidable  problem  in  practice.  Further  theoretical  studies  are  required  to 
elucidate  the  dynamics  of  this  unsolved  three-body  quantum  mechanical  problem 
with  long-range  interactions.  On  the  experimental  side,  there  are  some  recent 
enlightening  observations  (52)  which  should  stimulate  more  theoretical  and 
experimental  studies . 
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I.  AUTOIONIZATION  IN  ATOMS 


It  seems  singularly  appropriate  that  we  should  be  discussing  progress 
in  our  understanding  of  autolonlzatlon  just  50  years  since  Beutler's^^' 
and  Fano*s'^'  first  papers  on  this  subject*  This  early  work  concerned  the 
noble  gases  Ar,  Kr  and  Xe«  In  each  of  these  atoms,  five  optically  allowed 
Rydberg  series  are  observed,  three  converging  to  the  Ionic  ground  state 
^^3/2*  (one  s-llke  and  the  other  d-llke)  converging  to  the  the 

excited  Ionic  state  'These  latter  two,  being  degenerate  with  an 

ionization  continuum,  can  and  do  autolonlze,  the  s*llke  series  giving  rise 
to  very  sharp  resonance  structure  and  the  d-llke  series  to  very  diffuse 
autolonizlng  structure.  When  we  examined  Ne^^S  we  found  both  s-llke  and 
d-llke  autolonizlng  series  to  have  about  the  same  width,  which  was  In  fact 
the  Instrumental  resolution  width.  These  experimental  observations  are 
summarized  In  Fig.  1. 

The  autolonlzatlon  resonance  structure  In  He  was  subsequently  studied 
theoretically'^^  (using  the  relativistic  random  phase  approximation,  RRPA, 
and  multichannel  quantum  defec*-  theory,  MQDT)  and  experlmentally^5\  using 
a  dye  laser  to  excite  the  au  ’  >nlzlng  states  from  pre-exclted  metastable 
levels.  Both  of  these  inves.  ^atlons  concluded  that  the  autolonlzatlon 
structure  In  Ne  was  sharp  for  the  s-llke  and  d-like  resonances,  the  "d*s" 
being  even  narrower  than  the  **s*8**. 


About  this  time,  we  began  a  series  of  experiments  on  the 
photolonlzatlon  of  open-shell  atoms.  We  were  motivated  partly  by  two 
calculations  of  resonance  structure  in  atomic  Ct,  one  by  the  R-matrlx 
and  the  other  by  diagrammatic  msny-body  perturbation  theory 


(MBPT). 


(7) 


We  also  felt  that  restricting  our  attention  to  the  closed- 


shell  atoms  (which  are  much  easier  to  handle  both  experimentally  and 
theoretically)  might  limit  our  perspective,  since  at  least  75%  of  the 
periodic  chart  Involves  open-shell  atoms.  Our  experimental  arrangement 
for  studying  atomic  Ci  Is  shown  schematically  in  Fig.  2.  In  essence.  It 
Involves  a  microwave  discharge  In  pure  a  fast  flow  system,  a  coating 

to  retard  recombination  of  the  atomic  Ct  which  Is  generated,  and  a 
sampling  orifice.  Our  first  results'®^  on  atomic  Ct  are  shown  In  Fig.  3, 


The  configuration  of  Cf'*’  (and  In  general,  all  the  halogen  species,  X"**) 
is  ...  np^,  which  gives  rise  to  the  states  ^  q;  ^02*  and  ^Sq, 

There  are  Rydberg  series  converging  to  each  of*tftese  states,  and  those 
converging  to  the  higher  ionization  potentials  may  autolonlze. 


Let  us  focus  our  attention  on  the  series  converging  to  ^^2*  one- 

electron  optical  selection  rules  allow  for  s-like  and  d-like  Rydberg 
electrons  which,  when  combined  with  the  Ion  core,  give  rise  to  ^D 
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Figure  2 

Schematic  illustration  of  the  atomic  chlorine  source  and  the 
photolonlzatlon  region. 
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Figure  3 

Photolonlzatlon  yield  curve  of  atomic  chlorine.  Optical  resolution  Is 
0.28  A  (FUHM).  Absolute  cross  section  Oj  Is  tentative,  based  on 
concordance  of  several  theoretical  calculations  In  the  continuum  beyond 
the  limit. 

(with  "s"  Rydberg  electron)  and  ^S,  ^P,  ^F  and  (with  "d"  Rydberg 
electron)  composite  states.  However,  the  AL  •  0,  t  1  optical  absorption 
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selection  rule  eliminates  and  ^6  from  further  consideration.  Thus,  we 
anticipate  four  autolontzlng  series  in  this  energy  region.  Three  are 
apparent  -  one  broad  and  two  narrow.  By  quantum  defect  continuation  from 
the  previously  known  discrete  spectrum,  we  can  Identify  one  of  the  narrow 
series  as  "s"  -  like,  the  other  two  obviously  being  d*llke. 

In  Fig.  4,  we  compare  the  experimental  data  with  the  diagrammatic 
MBPT  calculations  of  Brown,  et  In  general,  the  agreement  Is  quite 

good,  but  one  narrow  series  observed  experimentally  is  absent  In  the 
calculated  spectrum.  Ue  now  know  which  series  this  Is,  and  why  It  Is 
absent.  Autolonlsation  Is  a  process  occurring  In  field-free  space,  and 
certain  quantum  properties,  such  as  parity  and  total  angular  momentum, 
must  be  preserved.  In  addition.  If  Russell-Saunders  coupling  Is 
rigorously  obeyed,  both  orbital  angular  momentum  and  multiplicity  must  be 
preserved.  It  can  be  seen  that  the  continuum  between  the  ^p2  and 
Ionic  states  contains  the  P  and  D  presentations  but  not  an  S  repre¬ 
sentation.  Hence,  the  series  should  not  autolonize  if  a  rigorous  L-S 
coupling  scheme  holds,  but  can  achieve  some  probability  as  a  result  of 
spin-orbit  coupling.  Since  the  only  competitive  process  Is  radiative 
emission,  which  Is  much  slower,  autolonlzatlon  is  experimentally  observed 
for  the  series.  The  diagrammatic  MBPT  calculations  also  reveal  that 
the  broad  resonance  is  a  composite  of  the  d-like  ^p  and  series. 


Figure  4 


Comparison  of  experiment  (top)  and  calculation  (bottom)  for  autolonlzatlon 
of  atomic  chlorine.  Experimental  data  from  ref.  8,  calculation  from 
ref.  7. 
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In  conclusion,  all  four  series  anticipated  are  observed.  The  s-Ilke 
one  Is  sharp,  the  d-llke  ones  are  broad  except  for  one,  which  is  Itself 
forbidden  In  zero^^  order. 

Buoyed  by  our  good  fortune  in  obtaining  the  atomic  chlorine  photo- 
ionlzatlon  spectrum,  we  decided  to  tackle  the  other  halogens.  Fluorine 
presented  a  formidable  experimental  problem,  which  I  do  not  have  time  to 
detail  here.  We  had  previously  generated  and  studied  atomic  Iodine  by  a 
high  temperature  vaporization  method. A  corresponding  portion  of  each 
of  the  atomic  halogen  spectra  is  shown  in  Fig.  5. 


«!«  640  648  6^  ^  670  674  67B  682  666  706  TlO  7l4 
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Figure  5 

Autolonlzatlon  In  P,  Ci,  Br  and  I  betveen  the  and  '■D  Ionic 
thresholds.  F  from  B.  J,  p.  Greene  and  J.  Berkowltz,  J,  Phys.  B 

17,  L79-83  (1984);  Cl  from  ref.  8;  Br  from  B.  Rus^ld,  J.  P,  Greene  and 
J.  Berkowltz,  J.  Phys.  B  17,  1503  <1984);  I  from  ref.  9. 
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We  note  that  the  atomic  Br  Is  very  slmllnr  in  appearance  to  C£  (one  broad 
and  two  narrow  resonances) »  and  atomic  iodine  has  more  complexity,  due  to 
the  overlapping  of  resonance  features  converging  to  the  spin-orbit  states 
and  ^pQ  as  well  as  ^02*  Probably  the  most  noteworthy  aspect  for  the 
present  discussion,  however,  is  the  absence  of  broad  autoionization 
structure  for  the  d-like  ^P  and  resonances  in  atomic  fluorine.  All  of 
the  resonance  features  in  atomic  F  are  limited  In  width  by  the 
Instrumental  resolution.  Hence,  P  is  like  Ne  In  this  respect,  differing 
from  the  heavier  members  in  its  column  of  the  periodic  chart. 

At  this  point,  we  began  to  examine  what  was  already  known  in  other 
columns  of  the  periodic  chart.  Fig.  6  displays  earlier  work  from  our 
laboratory  on  atomic  oxygen^ and  atomic  tellurium. Oxygen  has  only 
narrow  resonances,  tellurium  broad  as  well  as  narrow  ones.  Ue  wanted  tc 
obtain  a  spectrum  of  atomic  sulfur,  to  test  the  generality  of  the  apparent 
trend.  We  knew  that  vaporization  of  sulfur  produces  many  polyatomic 
species,  but  not  atomic  sulfur.  We  have  considered  various  schemes  for 
generating  atomic  sulfur,  and  finally  found  one  that  produced  the  desired 
results.  A  vlewgraph  of  our  preliminary  spectrum  will  be  shown  at  the 
conference.  The  spectrum  displays  broad  "d"  and  sharp  "s”  resonances. 


ll* 


Figure  6 

Autoionization  In  atomic  oxygen  and  atomic  tellurium. 
0  from  ref.  10; 

Te  from  ref.  9 
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Column  1  of  the  periodic  chart  can  give  rise  to  autoionization 
structure  by  excitation  from  the  inner  P  orbital.  Photoabsorption 

studies  of  this  region  in  atomic  sodlum'^^^  and  atomic  cesium^^^'  are 
shown  in  Pig.  7.  It  appears  that  sodium  has  narrow  resonances,  and  cesium 
broad  resonances  for  the  d-llke  features.  Hence,  there  seems  to  be  a 
clear  demarcation  In  resonance  behavior  between  light  elements  of  the 
periodic  chart  (which  we  refer  to  for  simplicity  as  "first  row  elements") 
and  heavier  elements  of  the  same  column. 
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Figure  7 

Photoabsorption  spectra  of  atomic  sodium  (top)  and  atomic  cesium  (bottom) 
in  the  corresponding  wavelength  regions  where  inner  p>shell  absorption 
occurs.  Na  from  ref.  11;  Cs  from  ref.  12. 


In  an  elegant  series  of  experiments  which  bear  on  the  present 
discussion,  Ncllrath,  Lucatorto  and  collaborators^^^^  have  obtained  the 
photoabsorption  spectra  of  the  Isoelectronic  species  Xe,  Cs'*'  and  Ba^  in 
wavelength  regions  corresponding  to  autolonlzation  between  the  5p^  ^^3/2 
and  5p^  have  already  seen  the  broad  d-llke  resonance' in 

Xe  in  this  region.  They  find  that  the  corresponding  resonance  in  Cs*^* 
though  still  much  broader  than  the  s-llke  resonance,  is  narrower  than  in 
Xe,  and  in  Ba*^  it  is  quite  sharp.  These  two  rather  different  sets  of 
experiments  appear  to  be  telling  us  that  a  more  compact  ion  core  produces 
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narrow  d-llke  reaonances  (aa  in  Ba^  and  the  "first  row  elements")  and  a 
more  diffuse  ion  core  gives  rise  to  broad  d-llke  resonances.  The  matrix 
element  responsible  for  the  electronic  autoionization, 

V,  ~  (  a^r^^  I 


and  the  width  T  ~  jVgP  Involve  interaction  between  the  Rydberg  electron 
and  the  ion  core,  and  hence  it  is  not  surprising  that  a  more  diffuse  core 
will  result  in  a  larger  interaction.  There  have  been  several  attempts  to 
parametrize  this  behavior.  Our  initial  approach  was  to  emphasize  the 
proximity  of  the  unoccupied  d  orbital  in  second  row  and  heavier 
elements.  If  we  wish  to  describe  a  polarizable  ion  core  in  perturbation 
theory,  we  can  Include  low-lying  excited  states,  and  the  nearby  unfilled 
d-orbltal  Is  a  particularly  attractive  candidate.  For  Ar"*",  Kr^  and  Xe^, 
this  excitation  energy  is  ~132,000,  ~120,000  and  ~96,000  cm*'^, 
respectively  whereas  for  Ne"*"  It  is  -279,000  cm'*'.  Similarly,  for  C2'*',  Br'*' 
and  l"*^,  it  is  —110,000,  -112,000  and  -86,000  cm'  ,  whereas  for  it  is 
-231,000  cm'*-.  One  can  see  such  an  Influence  in  the  tsoelectronlc 
sequence  Xe,  Cs^  and  Ba'*'*’  aa  well-  -96,000,  -130,000,  —160,000 
respectively  -  but  this  seems  to  be  too  crude  a  measure  of  the  observed 
variation  in  resonance  width.  Mcllrath,  Lucatorto  and  collaborators'*’* 
have  focussed  their  attention  on  the  effective  potential,  the  sum  of  the 
attractive  Couiomb  potential  and  the  centrifugal  potential.  They  note 
that  the  two  effects  nearly  cancel  in  Xe,  producing  a  long,  very  shallow 
potential  plateau.  In  this  circumstance,  they  argue  that  **’*  "  a  modest 
spin-orbit  interaction  has  a  large  effect  on  the  mixing  of  states  and 
produces  a  strong  autolonizatlon  rate."  By  contrast,  in  Cs'*'  and  Ba'*'''  "the 
Coulomb  attraction  is  significantly  larger,  eliminating  tne  near  cancel¬ 
lation  with  the  centrifugal  term,  and  the  effect  of  the  spin-orbit 
interaction  is  measurably  reduced." 


Both  explanations  are  qualitatively  in  accord  with  the  experimental 
observations,  and  both  have  modest  quantitative  predictability,  but  in 
this  observer's  Judgment  a  more  finely  tuned  parameter  would  be  desirable 
to  give  a  more  quantitative  measure  of  these  resonance  widths. 


II.  AUTOIONIZATION  IN  MOLECULES 

1.  At  the  6th  ICPEAC,  16  years  ago,  I  had  the  opportunity  to  give  an 
invited  paper  on  some  early  studies  of  autolonizatlon  in  molecules.  In 
that  paper,  I  noted  the  contrasting  behavior  in  the  decay  of  autoionizing 
peaks  in  N.  and  H2.  For  Nj,  the  data  in  most  cases  seemed  to  be 
interpretable  in  terms  of  an  electronic  autolonizatlon  matrix  element, 
(configuration  interaction)  as  it  is  In  atoms.  This  mechanism  implies 
that  relative  transition  probabilities  connecting  the  quasl-dlscrete  state 
and  the  final  ionic  state  are  dominated  by  Franck-Condon  factors  con¬ 
necting  these  states.  By  contrast,  the  autolonizatlon  mechanism  in  H, 
(referred  to  as  vibrational  autolonizatlon)  Involves  a  breakdown  of  the 
Born-Oppenhelmer  approximation,  and  transfer  of  vibrational  energy  in  the 
molecular  ion  core  to  the  Rydberg  electron.  For  the  latter  case,  a 
propensity  rule  was  derived'****  Prob  (Au  »  -  1  transitions)  >>  Prob 
(Au  •  -  2),  etc.  Since  Chat  time.  It  has  been  observed  that  near  zero 
energy  electrons  are  produced  in  some  autolonizatlon  processes  which 
cannot  readily  be  explained  by  either  of  the  above  mechanisms. ^ *^^ 
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More  recently.  White  hae  examined  autolonlzatlon  In  HCZ,  which 

Is  thought  to  be  a  good  test  case  for  electronic  autolonlzatlon.  The 
agreement  between  observed  relative  vibrational  Intensities  and  Franck- 
Condon  factors  Is  fair,  and  may  be  Improved  with  better  choices  of 
Internuclear  distances  for  quasl-dlscrete  states  and  better  vibrational 
wave  functions. 

During  this  period,  multichannel  quantum  defect  theory  has  been 
applied  to  molecular  autolonlzatlon.  To  explain  some  of  the  auto¬ 
lonlzatlon  In  NO,  which  appears  to  be  vibrational  autolonlzatlon  but 
departs  significantly  from  the  Au  <>  -  1  propensity  rule,  a  satisfactory 
description  was  found  by  including  a  predissociating  state  which 

couples  to  both  the  quasl-dlscrete  Rydberg  state  and  to  the  ionization 
continuum. 

About  one  year  ago,  we  chanced  upon  an  autolonlzatlon  process  which 
does  not  seen  to  be  explicable  by  any  of  the  above  theories.  It  Involves 
'.'le  molecule  PF^,  which  Is  pyramidal  in  Its  neutral  ground  state,  like 
NHj,  PHj  and  NF,.  In  each  of  these  cases,  the  removal  of  the  least  bound 
electron  has  little  affect  on  bond  strengths,  but  opens  up  the  pyramid. 
Thus,  the  ground  state  of  NHj'*'  Is  planar,  PH.'*’  has  a  very  low  barrier  to 
Inversion  that  supports  one  vibrational  level,  and  NF^"*"  a  somewhat  higher 
barrier  that  is  nevertheless  surmounted  In  the  Franck-Condon  region.  PF^'*' 
has  a  lower  barrier  than  neutral  PFj,  but  the  Ion  Is  still  distinctly 
py rami dal. 

The  photoabsorption  and. photolonlzatlon  spectra  of  NHj  have  been 
extensively  Investigated.'*'®^  Prominent  Rydberg  progesslons  converging  to 
the  Ionic  ground  state  are  observed  In  photoabsorption,  but  are  largely 
absent  In  photolonlzatlon.  Implying  that  these  quasl-dlscrete  states  decay 
predominantly  by  predlssoclatlon.  We  have  examined  the  corresponding 
regions  of  PH^  and  NFj  by  photolonlzatlon,  and  there  is  very  little 
evidence  of  resonance  structure.  Since  the  Rydberg-llke  quasl-dlscrete 
states  are  almost  certainly  present  here  as  well,  it  seems  fair  to 
conclude  that  predlssoclatlon  Is  the  dominant  mechanism  In  these 
molecules.  Hence,  we  were  surprised  to  find  resonant  autolonlzatlon 
structure  when  we  examined  the  threshold  region  of  PFj  by  photolonlzatlon 
mass  spectrometry.^*®^  (See  Fig.  8).  In  this  long  progression,  stronger 


Figure  8 

Photolonlzatlon  yield  curve  of  PFj  In  the  threshold  region.  The 
autolonlzatlon  peaks  are  assigned  to  vibrational  components  of  two  members 
of  a  Rydberg  scries. 
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and  weaker  peaks  appear  to  alternate*  The  average  spacing  between 
stronger  peaks  Is  474*7  cm~^,  that  between  weaker  peaks,  478.4  cm'  *  In 
1972,  Mater  and  Tumer'^®^  recorded  the  photoelectron  spectrum  of  the 
first  band  of  and  reported  470  ±  80  cm“^  as  the  average  spacing  of 

a  long  progression*  Still  earlier,  Humphries,  et  al.^^^^  had  studied  the 
absorption  spectrum  of  PF^  below  the  ionization  threshold.  They  identi¬ 
fied  two  progressions,  one  labi^lled  “1405A**  with  an  average  spacing  of  460 


the  other  labelled  "1212A**  with  an  average  spacing  of  461  cm' 


The  ''1405A"  and  "1212A**  bands,  and  the  “strong"  and  "weak"  auto- 
lonlzatlon  resonances  can  be  shown  to  be  successive  members  of  a  Rydberg 
series  converging  to  the  Ionic  ground  state  of  Each  Rydberg  member 

has  an  extended  vibrational  progression  in  the  inversion  bending  mode* 
When  a  consistent  quantum  defect  Is  obtained  for  each  of  these  levels,  we 
are  drawn  to  the  conclusion  that  Au  must  be  at  least  13  In  this  auto- 
lonlzatlon  process,  which  appears  to  be  vibrational  (i.e*  the  Rydberg 
series  are  converging  to  the  Ionic  ground  state). 


Although  we  cannot  be  certain  at  this  time  that  predissociation  can 
occur  and  have  a  substantial  unlmolecular  rate  constant  In  this  energy 
region  of  PF^,  the  circumstantial  evidence  points  to  this  conclusion*  We 
know  that  predissociation  occurs  at  a  rather  rapid  rate  In  NH^,  PM.  and 
NFj,  and  even  in  PF^  the  "1405A”  and  "1212A"  bands  are  diffuse. 

Therefore,  it  does  not  seem  likely  that  autolonizatlon  is  observed  in  PF. 
because  the  competing  rates  are  extremely  slow*  One  way  of  stretching  the 
propensity  rule  Is  to  consider  a  sequence  of  transitions  within  the 
Rydberg  manifold,  each  one  of  which  adheres  to  the  propensity  rule,  until 
finally  a  sufficient  n  Is  reached  to  permit  Ionization  with  Au  *  -  1. 

It  seems  unlikely  that  this  multiplicative  process  would  be  able  to 
compete  with  a  strong  predissociation. 


The  effective  mechanism  for  promoting  the  autolonizatlon  In  PF^  could 
conceivably  be  the  coupling  of  (pre)di5SOCiation  with  autolonizatlon, 
analogous  to  the  description  used  to  explain  vibrational  autolonizatlon 
In  NO.  One  might  expect  such  a  mechanism  to  be  localized  around  the 
energy  ranges  and  configurations  where  curve  crossing  occurs.  The 
appearance  of  the  autolonizatlon  structure  In  PF.  is  broad  ranged, 
suggesting  that  It  is  occurring  with  almost  equal  facility  over  many 
vibrational  levels  and  at  least  two  Rydberg  members. 

It  Is  not  yet  clear  whether  the  PFj  autolonizatlon  can  be  accom¬ 
modated  within  the  existing  theories  of  autolonizatlon  or  that  a  new 
formulation  Is  required.  Two  views  recently  expressed  by  theorists  at  a 
Workshop  on  Autolonizatlon  at  Argonne  were: 

1*  That  the  propensity  rule  Is  more  not^'rlous  In  its  violation 
than  In  Its  being  obeyed. 

2*  That  polyatomic  molecules  represent  a  special  class,  for  which 
a  new  formulation  is  required. 
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CLASSIFICATICN  OF  DOUBLY  EXCmE  STATES 

C.  D.  LIN 

Department  of  Physics,  Kansas  State  University,  Manhattan,  Kansas,  U.S.A. 


Based  Lfon  the  analysis  of  electron  caarrelations  in  hyperspherical 
coordinates,  a  classification  scheme  for  all  doubly  excited  states  of  two- 
electron  abcms  is  presented.  A  set  of  correlation  quantum  numbers,  K,  T, 
cind  A,  is  introduced.  By  projecting  the  two-electron  wave  functicns  onto 
the  body-frame  of  the  atom,  the  quantum  numbers  K,  T  and  A  can  be  related, 
respectively,  to  the  vibrational,  rotaticaial  and  stretching  modes  of  a 
triatcrac  molecule.  Ihe  isomorphic  correlations  of  states  with  identical 
correlation  quantum  numbers  are  shown  to  be  the  underlying  reason  for  the 
existence  of  sv?>ennultiplet  structure  of  doubly  excited  states. 


I.  INTRODUCTION 

Microscopic  many-body  systems  are  often  adequately  described  in  the 
independent-particle  approximation.  In  the  case  of  atcxns,  the  Hartree-Fock 
model  or  its  equivalents  are  known  to  describe  a  wealth  of  atontic  properties. 
Since  the  identification  of  doubly  excited  states  of  He  in  1963^^^'  it  has 
been  recognized  that  understanding  of  these  states  requires  a  careful  examina¬ 
tion  of  the  correlation  of  two  excited  electrons  and  a  drastic  new  ai^roach 
different  from  the  independent  particle  approximation  is  needed. 

r21 

The  conventional  configuration-interaction  (Cl)  method'  '  emd  its  variants 
are  adequate  in  predicting  accurate  position  emd  width  of  individual  doubly 
excited  states,  but  it  fails  to  provide  any  insight  into  the  correlated  motion 
of  the  two  electrons.  The  results  of  the  Cl  calculation  are  also  often 
difficult  to  understand.  As  an  example,  consider  the  first  few  lowest 
doubly  excited  states  of  He  below  the  He'''(l^3)  threshold.  According  to  the 
independent  electron  picture,  one  would  expect  that  the  wave  ftjnctions  of  the 
first  two  lowest  states  are  linear  combinations  of  3s3p  emd  3p3d.  This  is  the 
case  for  the  lowest  state.  However,  from  a  limited  C.I.  calculation,  as  shown 
in  Table  I,  one  cem  see  that  the  second  lowest  state  is  mostly  a  linear  com¬ 
bination  of  3s4p,3p4s, . .etc. ,  rather  than  a  linear  combination  of  3s3p  and 
3p3d.  In  fact,  it  is  the  third  lowest  state  which  is  predcmtinantly  the  linear 
combination  of  3s3p  and  3p3d.  This  exanple  illustrates  that  the  results  from 
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Table  I.  C.I.  coefficients  of  the  first  three  lowest  doubly  excited  states 
of  He^P  below  the  He*(N“3)  threshold. 


State 

Energy 

3s3p 

3p3d 

3s4p 

3p4s 

3p4d 

3d4p 

3d4f 

(Ry) 

1 

-0.667 

0.683 

0.616 

-0.127 

-0.172 

-0.239 

-0.203 

-0.104 

2 

-0.563 

-0.003 

-0.005 

0.630 

-0.630 

0.330 

-0.304 

0.068 

3 

-0.554 

0.503 

-0.557 

-0.226 

-0.317 

-0.054 

0.231 

0.476 

Cl  calculation  is  often  unexpected,  etnd  it  also  exeaplifies  the  limitation  of 
the  independent  particle  model  v^ere  all  information  about  correlation  is 
contained  awkwardly  in  the  numerical  coefficients. 

Another  inportant  feature  of  doubly  excited  states  has  been  revealed  in 
the  fiiotoi onization  of  He  near  the  N-3,4  emd  5  limits  of  He'*’.  According  to 
the  simple  counting,  one  would  expect  that  there  are  5,7  aixl  9  series  of 
doubly  excited  states  leading  to  the  respective  lf-3,4  and  5  thresholds. 
Experimental  measurement  by  Woodruff  and  Samson^ as  well  as  a  recent 
calculation  by  Salomonson,  Carter  and  Kelly^^^  clearly  showed  that  there  is 
only  one  channel  which  is  predominately  excited.  The  rest  of  the  channels  are 
not  observed.  Thus  there  is  evidence  of  quasi-selection  rules  which  forbid 
some  classes  of  doubly  excited  states  from  being  populated  in  a  given  collision 
condition.  The  quasi-selection  rule  then  has  to  do  with  the  dyiuunic  aspect  of 
the  correlated  electronic  motion. 

A  con^lete  classification  scheme  of  doubly  excited  states  should  be  cap¬ 
able  of  providing  at  least  qualitative  interpretation  and  prediction  of  the 
major  properties  of  doubly  excited  states.  The  new  set  of  quantum  numbers 
pursued  should  also  give  qualitative  pictures  of  the  correlated  motion  of  the 
two  electrons.  It  is  also  desirable  that  this  new  scheme  can  incorporate  the 
independent-electron  model  as  the  limiting  case,  and  in  the  end,  a  conputa- 
tional  procedure  can  be  developed  vhere  these  quantum  numbers  can  be  examined. 

This  report  deals  with  the  classification  scheme  of  doubly  excited 
states  based  on  the  analysis  of  electron  correlations  in  hyperspherical 
coordinates.^®'®^  In  developing  this  scheme,  the  understanding  frcan  the 
group-theoretical  work  of  Herrick  and  co-workers^ and  the  model  study  of 
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Berry  and  co-workers*  ‘  has  played  an  Inportant  role.  I  will  report  the  class¬ 
ification  scheme  and  present  sane  new  understanding  of  the  correlation  quantum 
numbers  based  on  the  analysis  of  the  wave  functions  on  the  body-frame  of  the 
atom.  This  latter  work  is  a  collaboration  with  S.  watemabe. 

II.  CLASSIFICATION  OF  DOUBLY  EXCITED  STATES 
(a)  The  classification  scheme 

In  the  present  classification  scheme  a  given  state  is  designated  by  the 
notation  ^(K,  T)*  l",  where  L,  S  and  n  are  the  usual  quantum  numbers,  N  is 

the  principal  quantum  number  of  the  inner  electron  and  n  that  of  the  outer 

electron.  The  correlation  quantum  numbers  K  and  T,  first  introduced  by  Herrick 
[91 

and  Sinaloglu,*  ’  are  used  to  describe  the  emgular  correlation.  To  incorporate 
the  correlated  radial  motion  between  the  two  electrons,  a  radial  correlation 
quantum  number  A  was  introduced. The  allowable  values  of  A  are  +1,  -1  and 
0.  All  singly  excited  states  have  little  radial  correlation,  and  they  have 

A-0. 

The  enumeration  of  possible  K  and  T  quantum  numbers  for  a  given  N,  L,  and 
n  has  been  given  by  Herrick  and  Sinanoglu.  They  are 

T  -  0,  1,  2,  ...,  raina,  N-1) 

K  -  N-l-T,  N-3-T,  . .  -(N-l-T)  (1) 

.  L+1 

T  •  0  IS  not  allowed  if  it“(-l)  .  The  radial  correlation  quantum  number  A  is 

not  independent  of  K.  It  is  given  by  the  following  simple  relations 

A  -  a(-l)®+'^  -  if  K  >  L-N  ,2) 

A-0  if  K  <  L-N 

With  the  relations  (1)  and  (2),  all  the  correlation  quantum  numbers  for 
states  converging  to  a  hydrogenic  limit  N  can.be  assigned.  The  more  precise 
definition  of  these  quantum  numbers  will  be  described  below.  Roughly,  a  large 
positive  K  iaplies  that  the  two  electrons  are  almost  180  degrees  from  each 
other.  If  K-0,  the  two  electrons  are  at  about  90  degrees  to  each  other. 
Negative  K  implies  that  the  two  electrons  are  on  the  same  side  of  the  nucleus. 
For  the  quantum  number  T,  a  nonzero  T  inplies  classically  that  the  orbits  of 
the  two  electrons  are  not  coplanar,  vdiile  A-+1  inplies  in-phase  radial  oscilla¬ 
tion  between  the  two  electrons  and  A— 1  implies  out-of-phase  radial  oscilla¬ 
tion. 

These  correlation  quantum  nximbers  can  be  understood  qualitatively  from 
various  approaches.  In  this  talk,  i  will  concentrate  on  the  geometrical 
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cepresentation  of  electronic  correlations.  To  this  end,  it  is  most  convenient 
to  study  the  problem  in  hyperspheric^d.  coordinates. 

(b)  Analysis  in  hyperspherical  coordinates 

To  examine  the  details  of  radial  and  amgular  correlations,  we  study  the 
two-electron  wave  functions  in  hyperspherical  coordinates.  From  the  indepen¬ 
dent  particle  coordinates  (r^^,  and  (rj,  ^2^1  r^  and  rj  by  a 

hyper radius  R  and  a  hyper-angle  a: 


R 


(3) 


a  -  arctan(r2/rj^) 


In  this  coordinate  system,  there  is  only  one  radial  coordinate  R  emd  the  rest 
are  the  five  angles,  denoted  collectively  by  B  -  {a,  t2}  ■  Since  correla¬ 

tion  is  a  property  of  the  relative  motion  between  two  electrons,  the  five 
angles  can  be  further  separated  into  three  Euler  angles  describing  the  rota¬ 
tion  of  the  whole  atom  plus  two  angles  a  and  9^2 >  former  describing  radial 
correlation  and  the  latter  describing  angular  correlation. 

One  important  underlying  approximation  in  the  hyperspherical  approach  is 
that  as  the  atcxn  expands  or  contracts,  its  correlation  pattern  changes  only 
gradually.  This  leads  to  the  quasi-separability  of  the  two-electron  wave 
functions  in  hyperspherical  coordinates.  (It  has  been  shown  that  the 
conventional  C.I.  wave  functions  adso  exhibit  approximate  separability  if 
the  functions  are  expressed  in  hyperspherical  coordinates,  see  Ref.  10) 

In  this  coordinate  system,  the  Schroedinger  equation  for  the  two-electron 
systems  in  reduced  units  is  given  by 

r_  ^  ^  ^  -  2e1  (b5/2^)  -  0 

*'  dR-^  r'^  R  ■*  (4) 


2 

v^ere  A  is  the  grand  euigular  momentum  operator  2md  C  is  an  effective 
charge  which  includes  electron-nucleus  and  electron-electron  interactions. 


C 


1 

cosa 


,1  +  1/g 

/l-sin2a  'cos9j2 


(5) 


where  Z  is  the  charge  of  the  nucleus. 
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Fig.  1.  Belief  plot  of  the  effective  charge  C(o,ej^2)  with  The  ordinates 

represent  a  potential  surface  in  Rydberg  units  at  R-1. 

A  surface  plot  of  the  effective  charge  on  the  two  relative  angles  a  and  i® 
shown  in  Pig.l  for  h“.  We  notice  that  the  potential  surface  in  the  middle  is 
quite  flat.  The  two  valleys  near  owO®  or  90’  correspond  to  the  case  when  one 
electron  is  far  away  from  the  other,  i.e.,  they  correspond  to  the  limit  where 
the  two  electrons  are  nearly  independent  and  where  the  independent  particle 
approximation  is  quite  adequate.  The  sharp  spike  near  ov«45°  and 
to  the  strong  electron-electron  repulsion  when  the  two  electrons  are  nearly  on 
top  of  each  other.  In  the  middle  part,  we  see  there  is  a  large  flat  region. 
The  potential  surface  is  symmetric  with  respect  to  ov*45°.  We  will  show  that 
A-+1  states  have  an  antinode  at  0^45”,  and  that  A»-l  states  have  a  node  at 
0^45®.  For  A^O  states,  the  two  particles  hardly  reach  the  plateau  region  and 
they  are  confined  to  the  two  valleys.  Thus,  states  which  have  A^l  or  -1  are 
states  lying  on  the  top  of  the  potential  ridge,  while  the  A^O  states,  like 
singly  excited  states,  are  states  confined  in  the  valley  region. 

The  results  discussed  above  should  come  out  directly  from  the  solution 
of  the  two-electron  Schroedinger  equation  (4).  For  this  purpose,  we  solve 
eq.  (4)  in  the  quasi-separable  approximation,  i.e.,  we  assume  that  the  n-th 
state  for  channel  //  is  given  by 

4<"(R,B)  -  F^(R)*^(R;S)/R®'^Bino  coso  (6) 

where 

d^ 

'-2-+  -K  +  2RC]  ♦  (R;B)  -  r\(R)*  (R;a)  (7) 

da  cos  a  sin  a  ^  h 
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an& 

,  -  U  (R)  +  2e")  f"(R)  -  0 

Itiis  a^^roach  is  similar  to  the  Born-O{^nheimer  approximation  for  diatomic 
molecules.  Once  the  potential  curve  U^(R)  for  each  channel  p  is  calculated, 
the  states  belonging  to  that  channel  can  be  easily  obtained  by  solving  the 
one-dimensional  hyperradial  equation  (8), 

The  quasi-separability  implied  by  eq(6)  stresses  the  import2mt  fact  that 
states  belonging  to  the  same  channel  p  have  similar  correlation  properties. 
This  is  different  fr<M  other  approaches  v^ere  correlation  is  usually  examined 
for  a  single  state  a  time.  We  note  that  the  af^roximate  selection  rule  for 
photoabsorption  is  a  property  of  the  whole  channel,  rather  than  that  of 
individual  states. 

(c)  Potential  curves  and  correlation  rules 

tn  Fig.  2  the  potential  curves  for  the  ^'^p°  and  of  He  below 

the  He'*'(N-3)  are  shovm  together  with  the  (K,T)*  labelling.  Diabatic  crossings 


10  16  22  26  34  4046  16  22  28  3440  46  16  22  28  34  4046 
R(o.u.) 

Fig.  2.  Potential  curves  for  He  that  converge  to  hS(N"3).  Curves  are  labelled 

tk 

in  terms  of  (K,T)  quantxan  numbers.  Reduced  units  with  Z«1  are  used. 
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between  different  cheuinels  are  evident.  Uiese  crossingr  reflect  the  fact  that 
the  relative  infnrtance  of  radial  and  angular  correlations  changes  with  R.  At 
small  values  of  r,  radial  correlation  is  more  iiqportant,  thus  the  curves  which 
are  more  attractive  belong  to  A-fl,  while  the  less  attractive  ones  belong  to 
Af-1  or  0.  For  a  given  A,  curves  which  have  larger  values  of  K  are  more  attrac¬ 
tive  because  of  larger  ®12  and  thus  less  elect* -in-electron  repulsion.  In  the 
asynptotic  region  (large  R),one  electron  stays  inside  and  the  other  outside. 

In  this  case,  radial  correlation  is  not  important  and  the  relative  asymptotic 
energy  levels  are  determined  by  the  values  of  K;  the  larger  the  K  is,  the 
lower  the  asymptotic  limit.  For  a  given  K,  states  with  larger  T  are  lower. 
Following  this  procedure,  the  quantum  numbers  K,  T  and  A  in  the  inner  and 
asymptotic  regions  can  be  assigned.  Ihe  curves  shown  in  Fig.  2  are  obtained  by 
connecting  the  curves  in  the  two  regions. 

We  notice  that  the  curves  vAiich  are  labelled  by  the  same  (K,T)  have 
nearly  the  same  shape  and  values.  Ihis  provides  a  first  indication  that  the 
quantum  numbers  assigned  have  some  physical  significances.  Since  the  quantum 
numbers  we  need  are  for  the  description  of  correlations,  this  information  is 
iiplicitly  contained  in  the  angular  functions  ♦^(R;B). 

(c)  Isomorphism  of  electron  correlations 

TO  show  that  K,T  and  A  indeed  describe  radial  and  angular  correlations,  we 
show  in  Fig.  3  surface  charge  density  plots  for  the  (2,0)"'’  channel  of 

^md  ^F°  of  He(N“3)  at  R«20  a.u.  For  L40  channels,  average  over  the 
rotations  of  the  whole  atom  has  been  applied.  We  notice  that  all  these 
channels  have  large  densities  near  o^45°  emd  ®12  »180°.  The  surface  plots  show 


Fig.  3 
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little  differences  despite  the  fact  that  these  channels  have  different  L,  S  and 
n.  Ihe  isomorphic  correlations  for  2dl  these  channels  illustrate  that  the 
correlation  quantum  numbers  describe  major  features  of  correlations  appro¬ 
priately. 


(1,1)'^  'P®  R=20 


(l,ir  3p“  R=32 


Fig.  4.  Surface  charge  densities  for  the  (1,1)'*’  and  (1,1)”  channels  at  the 
values  of  R  shown  for  He. 


In  another  example,  we  show  in  Fig.  4  the  correlation  plots  for  the  (1,1)"'’ 
^P°,  (l,!)"^  V,  (1,1)”  and  (1,1)”  V  of  He(N-3)  at  the  values  of  R 

indicated.  Notice  that  in  this  case  the  surface  charge  density  peaks  not  at 
®12  "180°  but  aK)roximately  at  ej^2“120°.  We  also  notice  that  the  ctumnels 
have  an  approximate  node  near  o^45°.  These  plots  illustrate  the  major 
features  iiqplied  by  the  correlation  quantum  numbers  K,  T  and  A. 

(d)  Supennultiplet  structure 

One  iiqportant  spectral  regularity  frcmi  the  present  classification  scheme 
is  that  channels  which  have  identical  (K,T)  and  Am-1  (or  A"-l)  exhibit  super- 
multiplet  structure.  For  intrashell  states,  this  supermultiplet  structure  was 
pointed  out  by  Herrick  and  Kellman  as  resembling  the  rotational  spectra  of  a 
molecule.  An  exaiqile  of  this  structure  is  shown  in  Fig.  5  for  the  doubly 
excited  states  of  H”  below  the  1^5  threshold  of  H.  Here  only  the  '+'  states 
are  considered.  Ihe  energy  levels  were  obtained  from  the  calculation  of  Ho 
and  Callaway^ Each  state  is  assigned  for  the  quantum  numbers  K  and  T 
following  the  prescription  given  in  (1)  and  (2).  Wfe  note  that  the  spectra  for 
a  given  (K,T)  exhibit  behavior  similar  to  the  rotational  series  of  a  molecule, 
particularly  for  the  low-lying  members. 
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(K.T)* 


Fig.  5.  Supennultiplet  structure  of  H”  below  the  H(N“5)  limit.  Ihe  energies 
ate  grouped  accordingly  to  (K,T)  .  Data  from  Ref.  11. 

The  supermultiplet  structure  is  not  limited  to  intrashell  states  only.  It 
is  valid  for  the  higher  levels  of  each  channel,  as  well  as  for  the 
channels.  In  Fig.  6  we  show  scmie  portion  of  the  supermultiplet  structure  for 
the  doubly  excited  states  of  He  below  the  He''’(N-3)  limits.  The  relative 
positions  of  intrashell  states  are  repeated  for  the  higher  Rydberg  states. 
There  is  also  a  repetition  of  (K,t)'*'  and  (K,T)”  rotor  structure.  This  is 
clearly  seen  in  Fig.  6. 

(e)  Singly  excited  states 

According  to  the  present  classification  scheme,  all  singly  excited  states 

have  (K,T)-(0,0).  The  radial  correlation  gu2mtum  number  is  A-+1  for  S  , 

3  6 

A»^l  for  S  and  AfO  for  all  the  others.  Within  the  independent  particle 
model  the  energy  for  Isnl  is  always  lower  than  the  energy  for  Isnl  ^L.  In 

terms  of  Pauli  exchange  correlations,  it  is  easily  understood  that  the  two 
electrons  in  triplet  states  are  kept  away  from  each  other  because  of  identical 
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Fig.  6.  Supennultiplet  structure  of  He  below  the  He''’(»*3)  limit.  The 
energies  are  given  in  terms  of  effective  quantum  numbers  N  .  Only  states  with 
parity  ii«(-l)^  are  given.  Data  from  Ref.  2. 

spin  orientations,  thus  reriucing  the  electron-electron  repulsion.  In  hyper- 
spherical  analysis,  all  the  A^O  states  are  confined  in  the  two  valley  regions, 
and  Pauli  exchange  correlations  are  reflected  as  angular  correlations  in  that 
the  two  electrons  in  triplet  states  tend  to  stay  away  from  Singlet 

states,  because  of  the  symmetry  requirement,  have  larger  amplitudes  near 


For  doubly  excited  states  that  have  been  assigned  for  A^O,  they  also  tend 
to  stay  in  the  valley  region.  These  states  do  not  exhibit  supennultiplet 
structure.  Instead,  they  behave  more  like  singly  excited  states  and  the 
relative  energy  positions  between  singlet  and  triplet  states  is  that  triplet 
states  are  always  lower.  For  a  given  N,  L  and  parity,  the  number  of  channels 
with  A^O  are  the  same  for  singlet  states  and  for  triplet  states,  those  with 
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identical  (K,T)  are  nearly  degenerate  with  triplet  states  lower  than  singlet 
states.  This  has  been  documented  in  Fig.  14  o£  Ref.  6. 

III.  Body-frame  analysis  of  correlation  quemtum  numbers  and  moleculelike 
normal  modes^^^^ 

The  quantum  numbers  K  and  T  discussed  above  were  derived  originally  from 

the  group-theoretical  analysis  of  approximate  doubly  excited  state  wave 

functions  and  later  as  l2U3els  for  discussing  the  asymptotic  dipole  states. 

In  the  asynptotic  region  where  one  electron  is  far  away  from  the  other,  the 

leading  term  which  distinguishes  the  various  channels  of  a  given  N  memifold  is 

2  2  2 

the  dipole  interaction  2r2Cosej^2/'^j  th®  centrifugal  potential  ll/r^.  If 
we  neglect  the  latter  term  and  diagonalize  the  first  term  in  the  hydrogenic 
basis,  the  new  diagonal  representation  can  be  l2d2elled  by  (K,T).  This  inter¬ 
pretation  of  K  and  T  for  labelling  doubly  excited  states  is  unsatisfactory 
since  correlation  is  a  property  of  two  electrons  when  they  are  close  to  each 
other.  In  the  asymptotic  region,  there  is  also  no  radial  correlation.  To 
aranend  this  situation,  we  introduce  a  radial  correlation  quamtum  number  A.  We 
also  recognize  that  the  potential  surface,  as  shown  in  Fig.  1,  is  quite  smooth 
along  9221  and  the  potential  is  proportional  to  1/R.  Thus  in  the  quasi- 
separable  approximation,  the  same  quantum  numbers  describing  emgular  correla¬ 
tions  in  the  asyiptotic  region  can  be  used  to  describe  angular  correlations  in 
the  inner  region.  This  is  the  idea  behind  the  (K,T)*  classification  scheme. 

The  quantum  numbers  K,T  and  A  used  in  the  classification  were  treated  as 
labels  for  correlations.  We  have  shown  that  the  quantum  numbers  do  depict 
different  correlation  patterns  as  well  as  predicting  several  new  regularities 
in  the  spectroscopy  of  doubly  excited  states.  It  is  desirable  to  derive  these 
quantum  numbers  directly.  Since  these  quantum  numbers  are  not  exact,  this  is 
not  straightforward.  However,  it  is  possible  now  to  define  T  and  A  in  a  more 
rigorous  way  by  analyzing  the  wave  function  in  the  body  frame  of  the  two 
electrons. 

in  the  body-frame  analysis,  we  take  the  interelectronic  axis  as  the 
internal  axis  of  rotation.  The  transformation  of  two-electron  orbital  angular 
momentum  function  from  the  laboratory  frame  to  the  body  frame  satisfies  the 
following  relationship. 


(9) 
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where  T-|q|.  The  index  A  determines  the  reflection  syninetry  of  the  hyperradial 
wave  function  with  repect  to  the  o^n/4  axis.  Thus  A  serves  as  an  index  of 
radial  correlation.  In  this  etnalysis,  it  is  clear  that  if  there  is  only  a 
single  T  conponent  in  eq(ll),  then  A  is  a  good  quantum  number.  In  other  words, 
if  T  is  a  good  quantum  number,  then  A  is  a  good  quantum  number. 

To  see  how  pure  the  quantum  number  T  is,  we  display  in  Fig.  8  the  projec¬ 
tion  of  the  (l,l)j  channel  of  He  onto  the  body-frame.  The  surface  charge 
densities  for  each  of  the  T-0  and  T»1  component  are  displayed.  Percentage 
represents  the  contribution  to  the  normalization  from  each  cotiponent.  Notice 
that  TVl  is  the  dominant  component,  and  that  the  surface  charge  density  for 
the  T-1  component  does  exhibit  an  antinode  at  o^45°'  This  is  consistent  with 
the  assignment  of  T  eind  A  quantum  numbers  for  this  channel.  Adrrxture  from 
T»0  represents  a  10%  effect  here. 

For  a  given  T  (and  A),  we  can  relate  K  to  the  number  of  nodes,  n  ,  in  9.^2' 

or  to  the  vibrational  quantum  number  v.  The  detailed  analysis  is  given 
f  12 1 

elsewhere,  '  but  we  can  show  that 


K-N-2n-T-l 

-N-v-1 


(15) 
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T=0 


T-1 


TOTAL 


10  % 


Fig.  7.  Decomposition  of  the  ^P°  chemnel  of  He  at  R-16  into  T'-O  and 

T-1  components. 


where  v  is  the  vibrational  quantum  number  defined  by 

v-2n+T  ( 16 ) 

When  T  is  fixed,  both  K  and  v  change  in  steps  of  2.  The  vibrational  quanttan 
number  (v  or  K)  is  used  to  label  the  vibrational  motion  in  this  way, 

we  have  derived  the  physical  meaning  of  K,T  and  A  quantum  numbers.  For  a 
given  state,  if  the  projection  of  the  total  angular  momentum  onto  the  body 
frame  axis  has  only  a  single  T  component,  then  T  and  A  are  good  quantum 
numbers.  Tie  quantum  number  K,  although  it  cannot  be  derived  directly,  has 
been  shown  to  fc)e  related  to  the  number  of  nodes  in  622-  similarly 

related  to  the  vibrational  quantum  number  of  a  triatomic  molecule.  The  rotor 
series  arises  from  the  breakdown  of  the  (K,T)  classification.  If  the  states 
are  arranged  according  to  the  number  of  vibrational  nodes,  or  v,  then  a 
diamond  structure,  called  d-supermultiplet  by  Herrick  and  Kellman,  is 
obtained.  The  hierarchial  order  of  radial  (U. ),  vibrational  (U„)  and 

A 

rotational  (U.^,)  energies  is  such  that 


Ua  >  Ur  >  V 

The  supermultiplet  structure  is  a  result  of  this  hierarchial  order.  The 
moleculelike  -vior  of  normal  modes  also  are  well  respected  if  the  above 
relation  is  tru<^  This  analysis  allows  us  to  unravel  the  different  degree 
of  the  breakdown  of  the  molecular  rovibrational  normal  modes  as  well  as 
to  point  out  the  situation  where  it  works. 

IV.  Conclusions 

The  classification  scheme  piesented  here  applies  to  pure  two-electron 
atoms  only.  The  correlation  and  designation  of  doubly  excited  states  of  other 
atoms  ate  similar  to  what  is  discussed  here  qualitatively  in  the  regie  1  where 
the  two  electrons  are  strongly  correlated,  but  the  channels  are  better 
described  in  the  dissociated  region  by  the  independent  electron  picture. 
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The  tremsition  from  the  correlated  limit  at  small  R  to  the  dissociated  limit 
at  large  R,  in  certain  circumstances,  involves  strong  coupling  between 
the  channels.  The  hyper spherical  method  provides  a  well-defined  computational 
procedure  to  study  these  problems.  The  structures  of  doubly  excited  states 
in  several  alkaline  earth  atoms  and  alkali  negative  ions  have  been  studied 
in  hyperspherical  coordinates. Similar  correlation  patterns  at  small  R 
have  been  documented.  There  are  also  studies  of  doubly  excited  states  of 
Because  the  core  is  not  spherically  synmetric,  the  spin  coupling 
scheme  in  different  regions  also  differs.  The  recent  study  of  Le  Dourneuf  and 
Watanabe^^®^  on  the  doubly  excited  states  of  He~  showed  similar  classification 
schemes  and  moleculelike  normal  modes  presented  here. 
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1.  INTRODUCTION 

Experimental  informat  .on  on  a  collision  of  microscopic  particles  can  only 
be  obtained  indirectly,  by  observation  of  some  asymptotic  final  state  (f)  for 
a  collision  system  prepared  in  some  asymptotic  Initial  state  (i).  If  we  de¬ 
scribe  the  unobserved  state  of  the  system  during  collision  by  assigning 
certain  populations  of  intermediate  substates  (p.)>  (p’),  we  may  characterize 
an  ion-atora  collision  leading  to  ionization  by  the  scheme: 

a'^  +  B  -►  Collision  ^  +  B+  +  e"  (a) 

(I)  ^  (f) 

In  cases  where  (1)  and  (f)  represent  complete  sets  of  quantum  numbers,  the 
"multiple"  differential  cross  sections  ^re  proportional  to  a  coherent 

sum  of  amplitudes; 

‘^(f)-»-(i)  “  I  I  ^f^i  ®  ^  I 

These  cross  sections  represent  the  most  detailed  information  we  can  possibly 
obtain  on  the  transition  (i)  (f).  By  varying  experimental  conditions  that 

define  the  prepared  or  observed  state  -  in  case  of  our  collisions  (a),  for 
Instance,  the  collision  energy,  the  heavy  particle  scattering  angle,  or  the 
electron  ejection  angle  -  there  will  usually  arise  interference  effects  of 
^(f)-«-(i)*  of  the  well  defined  phase  relations  in  the  coherent  sura  (b) 

in  connection  with  the  dependence  of  the  phases  6^  ^  on  the  varied  conditions. 
These  Interference  effects  then  allow  to  obtain  in^^ormation  on  the  amplitudes 
A^  1»  phases  6^  i.e.  on  the  collision  itself.  Incomplete  exper¬ 

imental  definition  of  states  (i)  and  (f)  leads  to  a  partial  masking  of  inter¬ 
ference  effects  In  the  corresponding  averaged  cross  sections  ^(7)4.(T)>  which 
have  to  be  represented  by  a  relation 

“(f)-(i)  '’(f)-(i) 

where  is  the  probability  with  which  the  state  (i)  Is  contained  in  the 

preparea  mixture  and  where  by  (T)  and  (T)  summation  or  integration  over  a 
certain  regime  of  sets  (i)  and  (f)  is  indicated.  To  the  extent  that  inter¬ 
ference  effects  are  masked  or  completely  averaged  out,  the  Information  possi¬ 
bly  obtainable  on  the  collision  is  decreased.  It  is  therefore  the  goal  of 
experimental  collision  studies  aimed  at  a  clarification  of  collision  mecha¬ 
nisms,  to  realize  as  complete  a  definition  of  Initial  and  final  state  of  the 
collision  system  as  possible. 

In  case  of  collision  process  (a)  a  complete  experimental  definition  of 
states  (1)  and  (f)  requires  preparation  and  selection  of  well  defined  elec¬ 
tronic  states  of  the  heavy  particles,  as  well  as  a  definition  of  the  state  of 
relative  motion  of  all  separated  particles  before  and  after  the  collision.  The 
requirements  regarding  the  relative  motion  of  the  particles  can  be  met  by 
directing  a  beam  of  Ions  (A^)  Into  a  volume  containing  thermal  target  atoms 
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(B)  at  sufficiently  low  density  to  guarantee  single  collision  conditions,  and 
by  detecting  the  scattered  (A"*")  at  certain  angles  (6,4>)  in  coincidence  with 
the  emitted  electron  at  angles  To  select  a  certain  electronic  final 

states  it  is  sometimes  sufficient  to  measure  the  energy  of  the  ejected  electron 
(e)  or  to  determine  the  loss  (or  gain)  Q  of  relative  kinetic  energy  of  the 
heavy  particles  by  measuring  the  kinetic  energy  of  (A"*")  .  The  situation  is  of 
course  more  complicated  if  A"**  and/or  B,  and/or  B'*’  are  not  in  S-states,  because 
then  a  complete  determination  requires  the  relative  amplitudes  and  phases  of 
the  magnetic  sublevels  to  be  fixed. 

We  report  here  on  recent  progress  that  has  been  made  In  our  group  regarding 
measurements  and  interpretations  of  coherence  effects  occurring  in  multiple 
differential  cross  sections  of  the  type  (b) 

“  o( 0 » $ , i?, (/) , £ ,Q , E)  (d) 

derived  from  coincidence  measurements  (sections  2  and  3),  and  of  the  partly 
averaged  type  (e),  obtained  from  noncoincidence  measurements  (section  4  and 
5). 


2.  EVALUATION  OF  M-COHERENCES  FOR  He‘*'-He-COLLISIONS 

Multiple  differential  cross  sections  obtained  by  coincidence  measurements 
between  He’^’Cls)  scattered  into  de|Jned  angles  and  electrons  ejected 

after  excitation  by  the  target  He  (2p^)^D  into  angles  have  been  re¬ 
ported  earlier  (1).  Interference  patterns  arising  as  a  function  of  can 

be  Interpreted  as  representing  the  angular  distribution  of  ejected  electrons 
belonging  to  an  excited  atom  that  has  a  well  defined  shape  and  orientation 
in  space.  This  angular  distribution  is  simply  given  by  (2) 

I(d„<.)  =  I  I 

M 

with  the  population  amplitudes  of  the  (L  =  2,  M  =  -2,  . . .+2)“States  of 
(2p^)^D.  Because  of  the  postulate  of  reflection  symmetry,  and  because  of  the 
free  choice  of  one  phase  of  the  complex  amplitudes,  the  angular  distribution 
is  determined  by  the  three  moduli  |a  and  by  the  two  relative  phases 

These  five  quantities  were  determined,  by  fitting  relation  (e)  to 
measured  distributions,  for  several  combinations  of  collision  energy  and  scat¬ 
tering  angle  0  (3),  The  results  are  shown  in  Fig#  1:  plotted  are  the  three 
moduli  |Dj^|  and  the  two  phases  which  are  obtained  from  the 

and  the  (4'j^"4/q)  hy  rotating  the  quantization  axis  from  the  beam  direction  into 
the  asymptotic  direction  of  the  internuclear  axis  after  collision.  As  abscissa 
we  chose  the  parameter  (b/v), where  b  is  the  Impact  parameter,  obtained  from 
the  scattering  angle  0,  and  v  is  the  collision  velocity,  (b/v)”^  may  be  con¬ 
sidered  as  a  "collision  strength". 

The  experimental  results  are  compared  in  Fig.  1  to  theoretical  results  ob¬ 
tained  on  the  basis  of  a  rotational  coupling  model  (3).  The  model  is  depicted 
in  Fig.  2.  The  main  features  of  the  experimental  data  are  explained  by  assum¬ 
ing  a  "complete"  rotational  coupling  of  the  one  electron  molecular  orbitals 
2pcT^  and  2pu^  at  Che  distance  of  closest  approach.  This  leads  to  a  two  step 
two  electron  excitation  sequence 

(Iso  >(2pa  -*•  (Isa  )(2pa  )(2pTi  )^n  (Isa  )(2pn  ,  (f) 

gug  guug  & 

and  predicts  for  ’•'le  He(2p2)lD  the  values  (Dj  |  =■  0.61,  jD^I  =  0.5,  |D,  |  =  0, 

(v>2“'Fo)  ”  ’ll  seen  from  Fig.  1  that  this  prediction  is  ap¬ 

proximately  correct  at  the  larger  (b/v)-values.  The  remaining  deviations  are 
described  in  the  model  by  additional  couplings  at  large  and  small  distances  as 
Indicated  in  Fig.  2. 
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12  3  4 
FIGURE  1 

Moduli  iDjul  and  relative  phases  ^  as  a  function  of  (b/v).  Experimental 
data  (x  A  o)  and  calculation  with  model  (  •  -* )  (see  Fig.  2).  Numbers  relate 
to  coordinate  frame  with  z  I  asymptotic  internuclear  axis,  and  y  i  collision 
plane. 


FIGURE  2 

State  correlation  diagram  depicting  model  used  for  calculations  shown  in  Fig. 
1.  "Complete"  rotational  coupling  (1)  of  one  electron  orbitals  2pa^^  and  2pii 
predicts  ID2I  -  0.61;  |Dg|  -  0.5;  )Dj  |  -  0;  ^  -  yig  -  n.  “ 
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As  obvious  from  relation  (e),  the  angular  distribution  of  the  ejected  elec¬ 
tron  is  closely  connected  to  the  "shape'*  and  the  "orientation"  of  the  excited 
(2p^) ^D-atora.  However,  the  angular  distribution  reoresents  a  one  electron  wave 
function  with  angular  momentum  i  =  2,  whereas  the  ^D-atom  is  represented  by  a 
two  electron  wave  function  of  L  =  2.  In  order  to  represent  the  shape  of  the 
^D-atora,  v.d.  Straten  and  Morgenstern  (4)  have  calculated  its  electron  densi¬ 
ty,  using  independent  2p-atomlc  orbitals  coupled  to  L  *  2,  for  certain  experi¬ 
mentally  determined  amplitudes  angular  part  of  this  density  is  com¬ 

pared  in  Fig.  3  with  the  angular  aistrlbution  corresponding  to  the  same  ampli¬ 
tudes  While  the  orientation  of  both,  the  atom  and  the  amgular  distribu¬ 
tion,  is  identical  because  it  is  directly  determined  by  the  shapes 

are  different.  The  tilt  angle  y  may  most  conveniently  be  expressed  in  terms  of 
moduli  d2  and  d_2  and  phases  X2  X-2  L  *  2  population  amplitudes  in 

a  coordinate  frame  with  z-axis  perpendicular  to  the  scattering  plane  and  the 
x-axls  parallel  to  the  beam  direction: 

Y  =  arc  tg{(d_2Slnx_2  -  d2Slnx2)(d_2Sinx_2  +  d^sinx^) )  (g) 


FIGURE  3 

View  in  perspective  of  the  angular  intensity  distribution  of  the  electron 
emitted  by  He**(2p^)^D  +  +  e"  (left  figure),  and  of  the  angular  part 

of  the  electron  density  of  He  (2p'^)‘D  (right  figure).  Intensity  and  density, 
respectively,  are  given  as  distance  from  origin.  Figures  are  calculated  using 
the  same  set  of  experimentally  determined  values  32^^. 


3.  L-COHERENCES  FOR  Li'*'-He-C0LLIS10NS 

The  coherent  superposition  of  M-states  corresponds  to  certain  shapes  and 
orientations  of  stationary  charge  distributions  of  excited  atoms,  as  we  have 
seen  in  the  previous  section.  Since  different  L-states  belong  to  different 
energies  E^^  -  except  for  hydrogen  -  the  coherent  superposition  of  L-states, 
describing  the  ensemble  of  atoms  excited  in  a  collision  event  with  well  de- 
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fined  Initial  state,  corresponds  to  a  nonstat iona ry  charge  cloud*  In  case  of 
two  states  L,L*  there  arise  oscillations  with  frequency  v  *  AE*j^i/2n*  Our 
general  formula  (b)  shows  that,  in  case  of  coincident  observation  of  the 
emission  of  electron  after  collisional  excitation,  these  oscillations  will  be 
observable  if  the  time  (t)  elapsed  between  excitation  and  measurement  is 
defined  in  state  (f).  In  such  a  case  (b)  becomes 


"(f)^(i) 


I  I  A 


16 


fMi 


fMl 


I  A 


16 


£M'l 


fM'l 


(h) 


In  a  normal  collision  experiment  (t)  is  not  well  enough  defined  to  allow  a 
resolution  of  the  time  oscillations*  The  time  resolution  necessary  to  resolve 
the  beats  for  the  He-states  (2s2p)^P  and  (2p^)*D  -  which  are  separated  by 
.24  eV  -  corresponds  to  a  precision  of  the  order  of  10“^®  s,  about  six  orders 
of  magnitude  higher  than  experimentally  achievable.  On  the  other  hand,  as  we 
have  pointed  out  earlier  (5),  the  PCI-effect  provides  a  kind  of  "clock"  which 
measures  the  time  point  of  electron  emission  after  collision.  This  Is  so  be¬ 
cause  the  PCI-effect  broadens  an  autoionizaclon  line  of  nominal  energy  cq  into 
a  distribution  of  electron  energies  e,  with  e  being  related  to  the  time  point 
of  emission  (c)  by  the  relation  (in  atomic  units) 

(eq  -  e)  =  (vt)  t  =  I/Ceq  " 

The  time  resolution  for  this  manner  of  measuring  time  by  measuring  e,  Is 
limited  by  the  uncertainty  principle  to 

At/t  >  vt/x.  (j) 

For  velocities  of  the  order  of  v  ~  O.I  a.u.  used  in  our  experiments  At  is  thus 
smaller  than  0.1  x  for  relevant  times  t  <  t. 

If  two  PCI-broadened  autolonlzatlon  lines  overlap,  such  as  the  lines  be¬ 
longing  to  autolonlzatlon  of  He  in  the  states  (2p^)'D  and  (2s2p)*P,  the  mea¬ 
surement  of  ejected  electrons  of  energy  e  in  the  overlap  region  defines  a 
final  state  ( f)  that,  according  to  relation  (i),  fixes  well  defined  but  dif¬ 
ferent  time  points  for  the  two  states.  These  two  different  time  points  have  to 
be  used  in  the  general  formula  for  the  multiple  differential  cross  section 
(b),  which  leads  to  the  relation 


°(f)-H(l)^^^ 


I  I  A 


16 


fMi 


16 


fMi 


I 

M' 


*£M'i  ® 


fM'i 


(k) 


with  ’  AE„,/[(Ep  -  eXeq  -  e).v].  Formula  (k)  is 

given  to  show  qualitatively  in  which  way  the  time  evolution  of  the  system  in  a 
coherent  superposition  of  L-states  is  reflected  in  the  coincident  electron 
spectra.  A  formula  that  describes  quantitatively  the  shape  and  angular  depen¬ 
dence  of  spectra  arising  from  overlapping  PCI-llnes  has  been  given  earlier 
(5,6).  In  Fig.  4  we  show  two  recently  measured  spectra  belonging  to  the  He 
states  (2p^)^D  and  (2s2p)*P.  The  spectra  are  obtained  with  the  electron  detec¬ 
tor  in  the  collision  plane  but  at  opposite  sides  with  respect  to  the  direction 
of  the  impact  parameter  vector,  as  Indicated.  The  solid  lines  are  calculated 
using  our  earlier  reported  formula  (5,6),  and  by  taking  into  account  our 
finite  experimental  energy  resolution.  The  oscillations  predicted  by  the 
qualitative  relation  (k)  are  clearly  seen.  These  oscillations  allow  to  derive 
one  relative  initial  phase  between  the  amplitudes  of  the  different  L-states. 
Angular  distributions  at  specified  e  allow  to^deterraine  the  complex  amplitudes 
of  the  sublevels  a,„  and 
ting  the  theoretical  formula. 


of  the  *P-  and  ^D-state,  respectively,  by  fit- 
Calculated  distributions  of  the  emitted  Intensi- 
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34  34,5  35  35,5  36 


FIGURE  4 

Electron  energy  spectra  from  He  In  a  superposition  of  states  (2p^)^D  and 
(2s2p)*P.  Upper-  and  lower  spectra  are  measured  in  the  collision  plane  and  at 
opposite  sides  as  indicated.  (++)  exp.  data  and  ( — )  calculation  are  given  in 
the  frame  of  the  emitting  atom.  The  PCI-induced  oscillations  reflect  the  time 
evolution  of  the  atom. 


ty  in  the  scattering  plane  at  various  energies  are  Indicated  in  Fig.  4.  The 
angular  distribution  of  the,  over  energy  (time)  integrated.  Intensity  is  shown 
in  Fig.  5,  where  the  directly  measured  distribution  is  compared  to  the  theo¬ 
retical  result  obtained  with  amplitudes  that  also  reproduce  the  energy  spec¬ 
tra.  One  notices  that  the  energy  (time)  integration  has  not  averaged  out  the 
LL' -interference  completely.  The  partial  LL’ -coherence  reveals  itself  by  the 
fact  that  the  angular  distribution  does  not  have  defined  parity. 

Since,  by  measurement,  the  amplitudes  of  the  sublevels  of  the  two  states  'p 
and  ‘d  are  determined,  as  well  as  the  relative  phase  between  the  ^P  and  the  '^D 
population  amplitudes,  the  time  evolution  of  the  charge  cloud  corresponding  to 
the  ensemble  of  He-atoms,  excited  in  well  defined  collisions  with  Li"*^  into  a 
coherent  superposition  of  the  states  (2p^)‘D  and  (282p)*P,  can  be  reconstruct¬ 
ed.  P.  v.d.  Straten  and  R.  Morgenstern  U)  have  done  this  by  calculating,  for 
the  two  electron  atom,  the  electron  density  in  the  Independent  electron 
approximation  using  the  orbitals  |Jljm,>  and  coupled  to  LM  and  L'M', 

respectively. 

The  electron  density  becomes 
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<"lSV2l^’M'>  exp[lt.AE^^.l. 


FIGURE  5 

The  angular  distribution  of  electrons  from  He  In  a  superposition  of  states 
(2p^)^D  and  (2s2p)^P.  The  three  figures  represent  three  cuts  through  the  three 


dimensional  distribution,  (((i)  exp.  points  with  (statistical)  error  bars;  and 
( — )  calculation  relate  to  Li'*'-energy  of  2  keV  and  Li'^-scattering  angle  of 


10'. 


FIGURE  6 

View  in  perspective  of  the  time  evolution  of  the  doubly  excited  He  in  a 
superposition  of  states  (2n^)^D  and  (2s2p)*P.  Left  figure  represents  the  time 


point  of  excitation  by  Li'  (t  =  0),  and  the  other  figures  belong  to  t  =  ^T, 
t  =•  JT,  t  =  3/4T  and  t  =  T,  respectively,  with  T  =  1.74.10”^^  s  the 


oscillation  period. 
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where  Che  brackets  represent  Clebsch-Gordan  coefficients,  and  the  D.-i  are 
Integrals  of  radial  wave  functions.  Fig,  6  shows  a  three  dimensional  view  of 
the  atomic  shape  resulting  for  our  example  when  the  experimentally  determined 
values  used.  The  oscillation  period  given  by  AEtt* 

8,8.10  a.u,  =;  0.24  eV  is  712  a,u,  =  1.7.10  s.  At  t  =  0,  defined  by  the 
time  point  of  excitation,  which  occurs  close  to  the  distance  of  closest  ap¬ 
proach  (3),  the  charge  cloud  is  apparently  shifted  Cowards  the  Li^-projectile, 
subsequently  it  starts  to  oscillate.  This  oscillation  must  be  interpreted  as  a 
collective  motion  of  the  two  participating  electrons. 


4.  IMPROVEMENT  OF  PCi-DESCRIPTION  FOR  LARGE  V 

The  theoretical  formulation  of  PCI— broadening  and  PCI-induced  interference 
of  autolonizlng  lines  in  spectra  arising  from  ion-atom  collisions  was  origi¬ 
nally  derived  (5)  for  cases  where  Che  relative  velocity  V  of  the  heavy  parti¬ 
cles  after  the  collision  Is  small  compared  to  the  velocity  of  the  ejected 
electron  Vq  (V  «  Vq).  In  connection  with  recently  measured  He-autoionization 
spectra  arising  from  collisions  with  at  energies  in  the  100  keV  region 
(7),  where  Che  condition  (V  Vq)  prevails,  it  seemed  worth  while  to  explore 
the  possibilities  to  extend  the  original  semiclasslcal  description  to  the  high 
velocity  region,  v.d.  Straten  and  Morgenstern  (8)  found  chat  In  the  original 
Ansatz  for  the  PCI-cransition  amplitude  (5,9)  as  a  function  of  the  detected 
electron  energy 


A(e^)  =  (r/27i)' 


/exp{ 

0 


ft  +  i[(e^  -  6^)1  +  /S(t’)dt’] !dt, 


(m) 


the  shift  S( t ' )  -  (V,t*)  *  Eq  -  cCt*)  must  be  replaced  by  an  expression 

which  depends  on  the  velocity  of  the  electron,  and  on  the  angle  of  ejection 
(a)  formed  between  the  emission  direction  and  the  direction  of  the  vector  of 
relative  velocity  V.  In  the  approximation  that  the  width  of  the  PCI-broadened 
line  Is  small  compared  with  the  nominal  energy  this  expression  simplifies 
to 


S(t')  = 


Vt’ 


(V„ 


Vo(Vg  -  V.cosa) 

2  2  tT 

-  V.cosa)  +  V  sin  a 


(n) 


The  Integral  over  S(t')  in  relation  (m)  can  be  carried  out.  By  introducing  an 
effective  velocity 


V  =  V.- 


,  (Vg  -  V.cosa)^  +  V^sin^a] 
VqIVo  -  V.cosa) 


and  the  reduced  quantities 

""d  "  ^''^d  "  (P> 

Che  amplitude  (m)  becomes 


A(e  )  =  (2/rii)  /exp(-t  +  Ue.t  + -^  Jin  tl(dt.exp(f  In  2/r) 


(q) 
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In  the  limit  of  infinite  V,  (q)  yields  a  Lorentzian  line  shape,  and  in  the 
approximation  V  «  Vq  the  original  analytic  axpression  (5)  is  recovered  if  the 
stationary  phase  approximation  is  applied  tor  tne  c^uiuatlon  of  the  time  lute-- 
gratlon.  In  the  intermediate  region  (Vq  ~  V)  the  integration  has  to  be  per¬ 
formed  nummerlcally • 

In  case  of  two  overlapping  PCI-llnes  the  energy  dependent  electron  intensi¬ 
ty  in  a  direction  (Q)  is  obtained  by  coherently  superimpose  two  amplitudes 
A^Ctd) 

Ke^.Q)  «  |f^(Q)Aj(£^)  +  f2(Q)A2(ej)  1^  (r) 

To  find  out  to  what  extent  the  PCI-effect  Influences  autolonlzatlon  spectra  in 
the  region  (Vq  ~  V),  the  spectra  arising  from  decay  of  He(2p‘^)‘D  and 
He(2s2p)^P  after  excitation  by  He^  in  the  collision  energy  range  of  100  keV 
were  calculated  numerically  using  relations  (q)  and  (r).  An  example  for  a 
collision  energy  of  100  keV  and  Q  =  a  =  180°  is  shown  in  Fig.  7.  Although  the 
collision  velocity  is  V  =  1.00  a.u.  the  spectrum  deviates  significantly  from 
the  sum  of  two  Lorentzian  profiles  that  correspond  to  the  natural  widths  of 
r(^0)  =  0.072  eV  and  r(^P)  =  0.042  eV,  respectively.  Furthermore,  when  the 
relative  initial  phase  between  the  two  amplitudes  Is  changed  by  x,  the  ratio 
of  the  peaks  changes  by  almost  a  factor  of  two,  showing  that  the  effect  of 
coherence  is  still  important,  although  the  peaks  seem  to  be  well  separated. 

These  findings  show  that  even  at  high  collision  velocities  in  the  region 
V  >  1  the  effect  of  PCI  on  autolonlzatlon  electron  spectra  can  be  important. 

To  demonstrate  this,  v.d.  Straten  and  Morgenstern  (8)  have  reanalyzed  the  He- 
autolonizatlon  spectra  recently  measured  by  Itoh  et  al  (7)  for  He'^’/He-colli- 
slons  in  the  range  from  100  keV  to  500  keV.  Part  of  their  results  are  repro¬ 
duced  in  Fig,  8,  Plotted  are  the  peak  areas  of  the  "upper"  and  the  "lower" 


FIGURE  7 

Calculated  energy  spectra  resulting  from  autoionization  of  He**  in  states 
(2p'‘)‘D  and  (2s2p)'p,  after  excitation  in  100  keV  He'*'  +  He  collisions.  The 

result  of  different  assumptions  regarding  the  relative  phases  are  shown:  ( - ) 

random  phase,  ( - )  phase  zero,  and  opposite  phase. 
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Intensities  of  the  "upper"  (oo)^  and  of  the  "lower"  peak  (oo)  as  determined 
by  Itoh  et  al  (7).  Solid  lines  represent  squares  of  the  moduli  for  excitation 
of  (2s2p)*P,  and  (2p^)  D,  respectively.  (+++)  and  (xxx)  are  intensities  for 
"upper"  and  "lower"  peak,  respectively,  as  calculated  by  adapting  the  relative 
phase  and  using  the  moduli  shown. 


peak  of  the  spectrum  belonging  to  decay  of  He  In  the  states  (2s2p)^P  and 
(2p^)'d.  Since  Itoh  et  al  (7)  assumed  that  the  "upper"  peak  Is  a  measure  for 
the  excitation  cross  section  of  (2s2p)*P,  and  the  "lower"  one  for  the  exci¬ 
tation  cross  section  of  (2p^)*D,  they  ascribe  the  peculiar  dip  in  the  "lower" 
peak  intensity  to  a  minimum  in  the  ^D-cross  section,  i.e.  to  a  minimum  of  the 
moduli ,  of  the  excitation  amplitude.  In  contrast,  the  PCI-analysls  shows 
(8),  that  the  same  experimental  data  may  be  explained  by  assuming  smoothly 
varying  moduli  -  the  square  of  the  moduli  are  represented  by  the  solid  lines 
in  Fig.  8  -  and  by  adapting  the  relative  phase  between  the  ^P-  and  the  ^D- 
amplitudes.  It  should  be  noted  Chat,  although  the  electron  spectra  of  Itoh  et 
al  (7)  are  non-colncldent  spectra  for  which  neither  Che  scattering  angle  nor 
the  scattering  plane  are  defined,  the  *P-  and  ^D-conCributions  are  expected  to 
be  coherent  because  (1)  9  is  confined  to  very  low  angles  at  the  high  collision 
energies,  and  (11)  at  d  =  180*  integration  over  different  orientations  of  the 
scattering  plane  does  not  have  any  effect  regarding  the  coherence. 


5.  TURNING  POINT  RAINBOW  FOR  TRANSFER  IONIZATION 

The  examples  of  coherence  effects  discussed  so  far  pertained  to  electron 
emission  after  the  collision.  Other  coherence  effects  in  electron  spectra 
arise  when  electron  emission  during  the  collision  is  important.  This  is  the 
case  for  a  whole  class  of  collision  systems,  namely,  collisions  of  multiply 
charged  ions  with  atoms.  Because  of  the  high  recombination  energy  of  such 
ions,  the  combined  ion-atom  system  is  usually  unstable  with  respect  to  spon¬ 
taneous  electron  emission  (10).  A  prototype  system  of  this  class  is  He‘'^/Xe 
which  decays  during  a  collision  at  very  low  energies  (1  eV  -  100  eV)  to 
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He'*'/Xe'*^  +  e”(e)  (U)  with  high  probability.  Different  "paths"  (p).  In  the 
sense  of  the  general  formula  (b),  arise  in  such  systems  if  the  transition 
energy  Vj(R)  -  V^fR)  “  t^^(R)  has  an  extremum  in  the  region  of  distances  where 
Che  transition  probability  Is  nonzero.  If  has  a  minimum  at 

then  for  e  >  e^^(R*)  there  are,  classically,  two  distances,  Rj  and  R2,  at 
which  transitions  leading  to  the  final  state  with  detected  energy  z  may  occur. 
Semlclasslcally ,  this  corresponds  to  two  amplitudes  in  formula  (b),  and  thus 
to  interference  effects  in  the  electron  spectrum.  The  effect  itself  is  char¬ 
acterized  by  two  conditions,  (1)  at  the  phase  difference  between  Che  two 
amplitudes  vanishes,  which  leads  to  constructive  interference  at  R*,  and  (ii) 
at  R*  there  arises  a  classical  singularity  because  Che  Jacobian  |d( e^j.( R)  )/dR  | 
=  0  at  R*.  These  characteristic  features  allow  to  approximate  Che  spectrum 
1(e)  by  Che  S\7uare  of  an  Airy-function  in  the  region  e  ~  ej.j.(R*).  Because  of 
Che  mathepaCical  similarity  of  this  effect  with  the  well  known  "rainbows"  in 
differential  scattering,  we  call  this  effect  a  "rainbow"  in  the  electron 
energy  spectrum.  "Rainbows"  of  the  described  type  have  been  discussed  earlier 
(10,11)  and  they  have  been  shown  to  arise  for  the  He"*~**/Xe-systeni  because  of  a 
minimum  in  Che  He'*^-Xe-potential  (11).  Recently  we  have  shown  (12)  that  spec¬ 
tral  features  arising  from  spontaneous  emission  of  an  electron  (or  photon) 
close  to  the  turning  point  of  a  heavy  particle  collision  of  well  defined  im¬ 
pact  parameter  can  also  be  interpreted,  and  approximately  described,  as  a 
"rainbow".  Schematically  the  situation  is  depicted  in  Fig.  9:  As  a  function  of 
time,  the  transition  energy  £j.j.(t:)  for  any  system  has  an  extremum  at  the 
turning  point  RQ(t  “  0),  and  the  two  transition  amplitudes  for  final  states 
defined  by  c  £  “  ^0  characteristic  rainbow  interference. 

By  approximating,  in  the  region  R  ~  Rq,  the  R-dependent  initial  potential 
V^(R),  Che  R-dependent  natural  width  r(R),  and  e^^(R),  as 


r(R)  *  Tq  +  rJ(R  -  Rg) 

/r(R)  =■  /r^  +  (ry2/rp)(R  -  r^) 


(s) 


and  by  using  an  AnsaCz  equivalent  to  relation  (m)  for  the  spectral  intensity 
l(e),  one  obtains  for  a  collision  of  impact  energy  E  and  impact  parameter  b 
the  simple  result  (12) 


FIGURE  9 

Schematic  drawing  showing  the  time  variation  of  the  transition  energy  c^^Ct) 
in  the  neighbourhood  of  the  turning  point  R(t  =  0),  and  the  resulting 
"ralnbow"-feature  In  the  emitted  intensity  1(e). 
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Since  Che  transition  energy  at  the  turning  point,  cq,  sensitively  depends  on 
the  impact  parameter,  ''tu’"ning  point  rainbows"  can  only  be  observed  if  Che 
impact  parameter  is  well  defined.  A  characteristic  feature,  which  distin¬ 
guishes  the  "turning  point  rainbow**  from  Che  "rainbow"  caused  by  an  extremun. 
in  e^p(R),  is  the  fact  that  its  energy  position  varies  strongly  with  L.t^a.iision 
energy.  An  example  of  a  recently  measured  "turning  point  rainbow"  is  shown  in 
Fig.  10,  where  Che  doubly  differential  cross  section  a(0,Q)  for  the  process 


figure  10 

Measured  "-’irning  point  rainbows"  for  +  Xe  -►  He"^  +  Xo  ^  +  e”(e)  +  Q. 

Shown  are  energy  gain  (loss)  spectra  for  various  collisic  energies  E.  Solid 
lines  show  calcuHtions  using  relation  (t). 
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He"^  +  Xe  ->•  He+(ls)  +  Xe'^  +  e"(E)  +  Q  (u) 

is  reproduced  for  several  Impact  energies  E  (13).  For  processes  of  well  de¬ 
fined  Initial  and  final  electronic  states  of  the  heavy  particles,  the  angle 
Integrated  coincident  electron  spectrum  and  the  spectrum  of  loss  (or  gain)  of 
relative  kinetic  energy  Q  at  defined  angle  d  are  equivalent.  The  solid  lines 
show  a  fit  of  formula  (t)  to  the  measurement. 

As  already  pointed  out,  the  "turning  point  rainbow"  is  a  very  general 
feature,  which  is  not  restricted  to  electron  emission  and  not  to  a  certain 
energy  range.  A  fit  of  formula  (t)  to  coincident  MO-X-ray  emission  spectra 
from  collisions  of  Cl^®  with  Ar  (14)  is  shown  in  Fig.  11,  The  value  of  the 
identification,  and  of  the  analysis,  of  such  rainbows  is,  of  course,  that 
information  of  Che  quantities  (s)  is  obtained. 


MO  K-roy  energy, c  (kev) 


FIGURE  11 

Measured  MO-X-ray  spectra  (<J>)  from  ref.  (14),  and  calculations  using  relation 
(t).  No  parameter  is  varied  to  reproduce  the  dependence  of  Che  spectra  on 
collision  energy. 
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1.  INTRODUCTION 

During  the  past  two  decades  Auger-electron  spectroscopy  became  a  well- 
established  spectroscopic  tool  for  atomic  structure  studies  of  excited  atoms 
as  well  as  for  studies  regarding  the  excitation  mechanisms  themselves 
(1,2,3).  Progress  within  the  last  5  years  is  predominantly  achieved  for  spec¬ 
troscopic  investigations  of  highly-ionized  few-electron  atoms  (4-10).  Because 
of  fluorescence  yield  effects  and  the  presently  achievable  detection  efficien¬ 
cy  the  range  of  these  Investigations  is  limited  to  atoms  ranging  in  atomic 
'numbers  up  to  about  18.  The  majority  of  the  studies  has  been  performed  on  col- 
lisionally  excited  target  atoms.  In  the  spectroscopy  of  target  atoms  neutral 
atoms  are  stripped  to  few-electron  ions  in  a  single  collision  event  if  high  Z 
projectile  ions  are  used  (5,12).  Here,  line  broadening  effects  can  be  greatly 
reduced  if  fast  enough  projectile  ions  are  used  to  minimize  the  recoil  momen¬ 
tum.  Projectiles  which  ionize  the  outer  shells  less  efficiently  give  rather 
complex  spectra  (8).  Line  assignments  in  those  cases  are  complicated  due  to 
line  blending.  The  projectile  dependence  of  the  multiple  ionization  has  been 
studied  over  a  wide  range  of  projectile  energies  and  species.  It  has  been  stu¬ 
died  most  extensively  in  the  case  of  Ne  where  Ne  K-Auger  (and  |-ray)  spectra 
have  been  measured  using  projectile  ions  ranging  from  H'*'  to  U°  (12),  at  pro¬ 
jectile  energie*  from  a  few  keV  up  to  a  few  hundred  MeV.  Average  quantities 
like  the  centroid  energy  of  the  Ne  KLL  Auger  spectra,  the  satellite  to  total 
line  intensity  ratios  and  the  average  number  of  L  vacancies  produced  simul¬ 
taneously  with  the  K  vacancy  have  been  deduced.  Fig.  1  shows  experimental, 
fitted  and  theoretical  values  for  the  probability  (Pr  )  of  the  removal  of  an 
L-shell  electron  simultaneous  to  that  of  a  K-shell  electron  as  a  function  of 
the  effective  nuclear  charge  versus  the  projectile  velocity.  The  plotted  data 
show  that  a  universal  scaling  rule  for  Pl  can  be  established  to  some  extent; 
indicating  a  saturation  effect  for  very  high  Z  ions  (9,10).  In  particular,  the 
effect  of  electron  capture  in  secondary  collisions  of  slow-moving  recoil  ions 
with  target  atoms  has  been  studied  via  Auger  electron  spectroscopy  recently 
(6,12).  Selective  capture  of  electrons  into  the  vacant  shells  of  the  highly- 
ionized  recoil  ions  could  be  studied  for  specific  mixtures  of  target  gases.  As 
an  example.  Figure  2  shows  an  Ne-K-Auger  spectrum  as  produced  with  1.4 
MeV/amu  Kr^®'*'  incident  on  Ne.  The  spectrum  shows  a  rather  reduced  number  of 
Auger  lines  due  to  the  high  degree  of  multiple  ionization.  The  inset  in  Fig.  2 
demonstrates  the  effect  of  secondary  collisions.  The  probability  for  the  po¬ 
pulation  of  states  at  a  few  eV  (recoil  energy)  is  drastically  increased  as  the 
target  gas  pressure  is  raised  (see  Ref.  5,6,11,12). 
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fig.  1 

Experimental 
values  versus 
^eff  K/i/  f'T-om 
Auger  measure¬ 
ments.  Fig. from 
Ref. (9);  data 
from  Ref. (8,0) ; 
(5,0);  (lO.m) 
solid  curve  from 
Sulik  (10); 
chain  curve 
Folkmann  (7). 


Spectroscopy  of  Auger  electrons  from  fast  gas  or  foil  excited  projectile 
ions  has  been  performed  to  some  extent.  However,  these  measurements  suffer,  in 
general,  from  severe  kinematic  line  broadening  effects  which  cause  limitations 
on  the  achievable  spectroscopy  resolution  (13,14).  Only  in  cases  where  suffi¬ 
ciently  small  forward  angles  have  been  used,  these  broadening  effects  could  be 
reduced  (15).  Kinematic  line  broadening  is  in  first  order  absent  if  the  elec¬ 
tron  emission  from  the  projectile  is  observed  at  (f  forward  angle  as  will  be 
discussed  below  (16-18). 

Only  recently  systematic  spectroscopy  of  Auger  electrons  emitted  from  excited 
projectile  ions  has  been  performed  at  (f  forward  angle  (16-19).  The  method 
reduces  broadening  effects  such  that  high  resolution  as  good  as  obtained  in 
target  electron  spectroscopy  can  be  achieved.  This  allows  to  take  advantage  of 
the  spectroscopy  of  Auger  electrons  from  excited  projectile  ions.  The  most 
striking  advantage  is  that  the  electronic  outer-shell  configuration  of  the 


Fig.  2  Ne-K  Auger 
spectriig  from  118 
MeV  Kr^  impact  on 
Ne.  The  inset  shows 
the  pressure 
dependence  of  the 
secondary  electron 
capture  (6,11,12). 
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projectile  ions  can  be  prepared.  Subsequently,  in  a  collision  where  only  one 
inner-shell  electron  is  removed  a  detailed  study  of  atomic  structures  of  se¬ 
lectively  excited  atoms  can  be  performed  via  electron  spectroscopy  (17). 

In  the  following,  recent  examples  are  described  where  the  advantages  of 
zero-degree  electron  spectroscopy  are  combined  with  the  possibility  of  selec¬ 
tive  excitation  of  projectile  ions  (17-20). 


2.  EXPERIMENTAL  SET-UP  AND  KINEMATICS 

Only  a  few  remarks  regarding  the  experimental  set-up  and  the  kinematics 
of  electrons  emitted  from  fast  projectiles  are  made  here,  a  more  detailed  des¬ 
cription  is  given  in  Ref.  19. 

The  experiments  to  measure  Auger  electrons  in  ion-atom  collisions  are  ge¬ 
nerally  performed  using  electrostatic  spectrometers  inside  a  magnetical ly 
shielded  high-vacuLiti  scattering  chamber.  Fig.  3  shows  a  schematic  experimen¬ 
tal  set-up  which  is  typically  used  for  measurements  of  electrons  from  excited 
projectile  ions  at  zero-degree  observation  angle.  A  collimated  beam  of  ions 
from  an  accelerator  is  directed  into  the  scattering  chamber  and  collected  in  a 
Faraday  cup.  Excitation  and  decay  of  the  projectile  ions  primarily  takes  place 
within  a  gas  cell,  after  a  foil  target  or  at  a  collision  region  formed  by  a 
target  gas  (jet)  and  the  ion  beam. 


Fig.  3  Schematic  of  set-up  for  electron  spectroscopy  at 
zero-degree  forward  angle. 

The  Auger  electrons  ejected  from  the  target  region  can  be  analyzed  in 
energy  by  a  tandem-type  electrostatic  electron  spectrometer.  This  device  con¬ 
sists  of  a  deflector  used  to  steer  the  electrons  out  of  the  ion  beam  and  a 
parallel-plate  analyzer  used  for  the  energy  analysis  of  the  electrons.  High 
resolution  is  achieved  by  deceleration  of  the  electrons  between  two  grids 
in  front  of  the  analyzer.  It  should  be  noted  that  the  analysis  of  the  meta¬ 
stable  components  in  an  Auger  spectrum  can  easily  be  achieved  by  deflecting 
electrons  due  to  prompt  transitions  out  of  the  viewing  region  o^  the  spectro¬ 
meter. 

As  demonstrated  in  a  variety  of  experimental  investigations  projectile 
Auger  electrons  are  influenced  by  kinematic  (Doppler)  effects  since  they  are 
ejected  from  a  moving  emitter.  For  a  straight-line  trajectory  of  the  projec¬ 
tile  the  energy  E  of  the  Auger  electron  in  the  laboratory  frame  at  zero 
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degree  (and  18CP )  observation  angle  is  obtained  from  the  corresponding  energy 
E'  in  the  projectile  rest  frame  by 

E  =  E'  +  tp  ±  2(E'  tp)^/^  (1) 

where  tp  =  Tpm/M  is  equal  to  the  projectile  energy  Tp  reduced  by  the 
electron-projectile  mass  ratio;  electrons  are  emitted  in  forward  and 
backward  direction  (tp  >  E').  The  quantity  tp  is  equal  to  the  energy  of  an 
electron  moving  with  the  velocity  of  the  projectile.  For  fast  projectiles 
(tp  »E')  the  shift  of  the  Auger  lines  follows  primarily  from  the  second 
term  (tp)  on  the  right-hard  side  of  Eq.  (1).  For  tp>E'  Auger  lines  can  only  be 
observed  within  a  certain  range  of  forward  angles,  there  and  at  zero  degree 
the  Auger  peak  occurs  twice  in  the  spectrum.  The  width  of  the  Auger  line  is 
changed  according  to  the  rhird  term  on  the  right-hand  side  of  Eq.(l).  The 
height  of  the  Auger  line  is  also  changed,  the  corresponding  double 
differential  cross  section  transforms  as 

=  (g 

dQdE  E'  dfi'dE’  (2) 


The  Auger  line  is  broadened  due  to  the  non-zero  acceptance  angle  of  the  spec¬ 
trometer.  The  broadening  effect  cancels  in  first  order  when  electrons  are  ob¬ 
served  at  zero  degree. 


Figure  4  shows  an  electron 
spectriyn  measured  at  CP  obser¬ 
vation  angle.  The  dominating 
peak  (cusp)  in  this  case  (Ne®'*'  + 
He) is  due  to  "c'ectron  loss  to 
the  continuun"  --C).  The  peaks 
which  are  symmei :  ical ly  super¬ 
imposed  on  the  low  and 
high  energy  tails  of  the  cusp 
are  due  to  autoionizing 
transitions  in  the  excited 
Ne-ions.  Similar  results  for 
different  ion  species  have  first 
been  given  in  Ref.  16,18; 
recent  data  have  been  reported 
by  T.  Schneider  (Ref.  21). 


Fig.  4  Electron  cusp  and 
superimposed  autoionization 
lines  from  100  MeV  Ne^''' 
impact  on  He  (21). 


The  inset  in  Figure  4  shows  these  peaks  after  a  transformation  into  the 
projectile  system.  The  energy  positions  are  very  well  described  by  the 
"Rydberg-formula"  as  pointed  out  in  Ref.  21.  It  should  be  noted  that  it  was 
possible  to  resolve  structures  in  the  line  labelled  n=7  which  could  be 
attributed  to  contributions  involving  higher  A-quantum  numbers. 
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3.  K-SHELL  AUGER  ELECTRON  EMISSION  FROM  SELECTIVELY  EXCITED  FAST 
Ne-PROJECTILE  IONS 


Ne  is  the  most  extensively 
studied  atom  using  Auger-elec¬ 
tron  spectroscopy.  Most  of  these 
studies  have  been  performed  on 
collisionally  excited  target 
atoms.  A  few  studies  have  been 
performed  on  excited  Ne-projec- 
ti le  ions  (4,22) . 

Recently  new  results  (20) 
using  the  method  of  cP  electron 
spectroscopy  have  been  reported 
which  are  reviewed  in  the  fol¬ 
lowing.  In  Fig.  5  experimental 
results  are  shown  for  70  MeV 
Ne  and  100  MeV  Ne  and  Ne®* 
incident  nn  a  Hs-gas  target.  The 
Auger  peaks  were  fitted  by  a 
Lorentzian  curve  folded  by  a 
Gauss ian-type  spectrometer  res¬ 
ponse  function.  The  line  identi¬ 
fication  was  based  on  energy 
comparisons  with  previous 
experimental  and  theoretical 
studies.  The  Auger  energies  for 
B-like  Ne  are  the  first  mea¬ 
surement  of  these  lines  with 
high  resolution.  (20,36). 


Fig.  5  Ne  K  Auger  spectra  from  He 
excited  Ne'’*  (n=4,5,6)  projectile 
ions  in  comparison  with  a  heavy  ion 
induced  target  spectrum 


The  study  demonstrates  the  advantage  of  spectroscopy  on  projectile  ions 
over  the  target  atom.  In  previous  measurements  with  the  45  MeV  C1‘^*  ions  the 
strong  Coulomb  field  induced  by  the  highly  charged  Cl  ion  results  in  the  re¬ 
moval  of  several  electrons  from  the  Ne  L-shell  whenever  a  vacancy  is  produced 
in  the  K-shell  (36).  This  causes  the  simultaneous  production  of  recoil  atoms 
with  different  charge  states  which  correspond  to  Li-,  Be-,  and  C-like  electron 
configurations.  The  decay  of  these  states  gives  rise  to  the  line  blending 
(Fig.  5,  target  spectrum).  In  addition,  the  population  of  Rydberg  states  that 
can  feed  metastable  Auger  states  by  cascade  transitions  compl icates the  analy¬ 
sis  of  the  Auger  states  of  target  spectra. 


In  the  following  different  cases  with  different  projectile  charge  states 
are  considered  (for  more  details  see  Ref.  20): 

1.  Ne**  +  He  (Fig.  5a).:  The  spectrum  obtained  for  Ne**  impact  shows 
relatively  simple  structure  dominated  by  lines  arising  from  three-electron 
(Li-like)  states.  The  Auger  state  ls2s^  '^S  gives  rise  to  the  strongest  peak 
Al.  Further  prominent  lines  refer  to  the  Li-like  configuration  Is2s2p.  The 
peak  A2  can  be  attributed  to  the  metastable  state  Is2s2p  ‘‘P,  Peaks  A3  and  A4 
refer  to  mixtures  of  the  states  Is  (2s2p  ^P)^P  and  ls(2s2p  ^P)^P.  In  principle 
the  configuration  Is2s2p  can  be  produced  by  differeot  mechanisms.  It  may  be 
created  from  the  ground-state  configuration  Is'^Bs'^  S  by  the  removal  of  a  Is 
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electron  and  the  simultaneous  transfer  of  a  2s  electron  to  the  2p  orbital.  The 
2s-2p  transition  without  spin  flip  could  account  for  the  excitation  of  the 
ls(2s2p  state,  while  the  transition  with  spin  flip  for  the  excitation  of 

the  Is2s2p  P  and  ls(2s2p  ^P)^P  states.  In  the  present  collision  system  the 
probability  for  such  a  2s-2p  transition  is  expected  to  be  small. 

The  main  indication  that  the  2s-2p  transition  is  weak  comes  from  the  fact 
that  no  lines  due  to  the  configuration  IsPp"^  could  be  identified  on  the  basis 
of  present  energy  calculations.  In  the  spectra  ®  there  are  no  peaks  at 

Auger  energies  corresponding  to  the  states  ls2p^  '^0  and  ls2p‘^  "^S.  However, 
these  states  appear  rather  strongly  in  foil-excited  Ne  spectra  or  in  recoil 
target  spectra  produred  by  high-energy  heavy  ions.  Two-electron  transition 
2s'^-2p‘^  in  addition  to  the  removal  of  the  Is  electron  can  be  considered  to  be 
negligible  in  this  collision  system,  thus  one  may  conclude  that  the 
probability  for  the  2s-2p  transition  is  small.  The  configuration  1s2p^P 
may  also  be  formed  from  the  incident  metastable  state  1s^2s2p  ^P  (the  ^Pq  has 
a  lifetime  of  mseconds)  via  ionization  of  a  Is  electron.  The  excitation 
of  the  states  Is  (2s2p  ^P)^P  and  Is  (2s2p  ^P)  '*P  from  the  ground  state 
Is  2s^  requires  a  spin-flip  during  the  2s-2p  transition.  In  the  excitation 
of  projectiles  by  low  1  target  atoms  such  as  He,  spin-flip  processes  are  ex¬ 
pected  to  be  negligible;  therefore,  the  2s-2p  transition  which  requires  a 
spin-flip  in  addition  becomes  even  more  improbable.  Intensity  comparison  be¬ 
tween  lines  A1-A4  in  Fig.  5,  based  on  the  number  of  final  spin  states  avail¬ 
able  indicate  that  the  fraction  of  metastable  particles  in  the  Ne®*  beam 
could  be  as  high  as  10*.  The  Auger  peaks  AS  and  A6  are  tentatively  assigned  to 
the  Be-like  configuration  Is2s2p'^.  This  state  may  be  created  from  the  incident 
metastable  state  ls'‘^2s2p  ^P  via  a  ls-2p  transition. 

2.  Ne^'*'  +  He  (Fig.  5b):  The  most  striking  feature  of  this  spectrum  is  the 
weakness  of  the  first  two  Li-like  lines  B1  and  B2  which  are  the  most  prominent 
peaks  in  Fig.  5a;  this  shows  that  the  Li-like  contributions  are  weak  and  can 
be  neglected  in  the  line  anaylsis  of  this  spectrum.  In  Ne^*  +  He  collisions 
8e-like  states  are  produced  nearly  exclusively,  all  Auger  lines  B3-B11  can  be 
attributed  to  Be-like  Ne.  Thus,  in  conflicting  cases  where  Li-  and  Be-like 
states  are  close  in  energy  (within  the  experimental  resolution),  the  corres¬ 
ponding  line  is  attributed  to  a  Be-like  configuration.  For  example,  the  peak 
B5  is  assigned  to  the  Be-like  state  ls2s^2p  *P  (decaying  to  the  Is^^  p).  The 
most  prominent  lines  such  as  B3,  B5,  B6  and  B8  are  found  to  originate  from  the 
configuration  ls2s'^2p  created  by  single  ionization  of  a  Is  electron  from  the 
initial  state  Is  2s'^2p  of  Ne’'*'.  The  other  Auger  lines  (B4,  B7  and  B9-11)  are 
attributed  to  the  configuration  Is2s2p'^  created  by  the  ionization  of  a  Is 
electron  accompanied  by  the  excitation  of  a  2s  electron  into  a  2p  hole.  These 
peaks  except  for  B4  are  probably  composed  of  at  least  two  lines.  It  is  seen 
that  the  intensities  of  these  lines  are  much  weaker  in  comparison  with  those 
which  originate  from  the  configuration  Is2s2  2p.  Again  this  suggests  that  the 
probability  for  2s-2p  transitions  is  small.  The  absence  of  B-like  lines  indi¬ 
cates  that  the  K  vacancy  is  preferentially  produced  by  ionization  instead  of 
excitation  of  a  Is  electron. 

3.  Ne  ±  He  (Fig.  Sc):  The  spectrum  is  again  characterized  by  the 
initial  charge  state  of  the  projectile.  Most  of  the  Auger  lines  observed  at 
electron  energies  above  680  eV  originate  from  the  B-like  initial 
configurations.  The  identification  of  each  line  is  difficult,  because  in  the 
present  energy  region  there  are  many  Auger  lines  expected  from  the  B-like 
configuration  However,  the  line  assignment  is  simplified,  if  one  takes  into 
consideration  that  the  configuration  of  ls2s^2p^  is  expected  to  be 
predominantly  produced.  It  is  created  via  ionization  of  a  single  Is  electron 
in  accordance  with  the  results  for  Ne’'*'  and  Ne®'*  impact. 
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In  Fig.  5c  the  Li-like  Cl  and  C2  are  also  observed.  The  intensity  of 
these  lines  is  relatively  small  so  that  the  influence  of  Li-like  lines  can  be 
neglected  in  practice.  Moreover,  in  Fig.  5c  the  Be-like  lines  C3-C5  are  ob¬ 
served  with  noticeable  intensity.  Hence,  the  B-like  Auger  group  especially  in 
the  energy  range  of  680-710  eV  is  probably  mixed  with  some  Be-like  li^.es  (con¬ 
tribution  of  the  Be-lines  is  estimated  to  be  less  than  10<) .  The  Be-like  cofi¬ 
guration  ls2s^^is  probably  created  by  simultaneous  igniz^tion  of  a  Is  and  2p 
electron  from  the  ground-state  configuration  Is  2s  2p  Ne  ■*■. 


4.  L-SHELL  AUGER  ELECTRON  EMISSION  EROM  SELECTIVELY  EXCITED  FAST  Ar 
PROJECTILE  IONS 


L-Auger  electrons  were  measured  with  high  resolution  in  collisions  of 
91.6  MeV  Ar'^'*'(n=5,6)  ions  with  He  and  Ar  gas  targets.  Due  to  thg  pgoj'ectije 
charge  state  the  initial  configurations  ls^2s^2p  3s'^3p  and  Is  2s  sp  3s  are 
selectively  excited  (17). 

Fig.  6  shows  that  the  spectrum  produced  in  91.6  MeV  Ar^'*'  +  He  collisions 
is  dominated  by  one  peak  at  102  eV.  The  data  are  compared  with  results  acquir¬ 
ed  with  Ar  ■*■.  The  corresponding  Auger  spectra  are  seen  to  be  completely  dif¬ 
ferent.  The  peak  at  102  eV  is  relatively  weak  in  the  Ar’'*’  spectrum.  It  exhi¬ 
bits  additional  structures  which  are  dominated  by  the  peak  at  about  112  eV. 


Similarly  as  in  the  Ne-case,  He  only  weakly  effects  the  outer  shell  of  the 
projectile  during  the  L-shell  excitation.  Hence,  it  is  expected  that  apart 
from  the  removal  of  the  2p  electron  the  configuration  of  the  incident  orojec- 


tile  is  essentially  retained  in  t^e  collisions.  The  groundstate  configuration 
of  Ar”''’  is  ls^2s^2p^3s  ,  while  Ar  *  has  an  additional  3p  electron.  Thus^the 
most  promJn^t  peaks  2  and  3  are  attributed  to  the  configurations  Is^2s22p53s2 
arw  if^p'^^pPgs'^Tp,  respevCively.  Also,  peak  4  is  attributed  to  the  initial 
configuration  ls^2s^2p^3s^3p,  which,  however,  decays  to  a  final  state  differ¬ 


ent  from  that  for  peak  3. 
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there  is  a  possibility  of  ionization  of  the  3p  n'ectron  in  addition  to  remo¬ 
val  of  the  2p  electron.  The  corresponding  probability  is  expected  to  increase 
when  the  nuclear  charge  of  the  target  atom  increases.  This  is  shown  in  Ref. 
17,  where  Ar  Auger  spectra  are  compared  as  a  function  target  species.  It  was 
found  that  under  the  assunption  that  the  3p  ionization  is  independent  of  the 
removal  of  the  2p  electron,  the  relative  intensity  of  the  peak  2  in  Fig.  6 
is  equal  to  the  probability  for  3p  ionization  by  the  target  atom  passing 
through  the  L-shell  radius  of  the  projectile  Theoretical  ionization  proba¬ 
bilities  estimated  using  the  scaling  procedure  of  Hansteen  et  al .  (37)  are 
found  to  be  consistent  with  the  present  results  for  H;  and  He.  For  Ne  the 
perturbation  theory  is  expected  to  lose  significance  for  the  ionization  of  Ar 
3p  electrons. 

I  01  Ar^‘  .He  t  = 
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Fig.  7  High  resolution  L  Auger  spectrum  from  91.6  MeV  Ar^* 
on  He  Coll isions  (17). 

It  is  noted  that  each  peak  refers  to  a  group  of  unresolved  lines.  For  in¬ 
stance,  doublets  of  2.2  eV  separation  are  expected  following  from  the 
2pi/2-2p3/2  fine-structure  splitting  in  the  initial  state.  Individual 
lines  are  observed  in  the  spectrum  measured  with  the  high-resolution  with  the 
tandem  spectrometer.  The  spectron  is  shown  in  Fig.  7;  showing  a  part  of  the  Ar^"^ 
+  He  spectrum  where  the  effective  resolution  is  6.5%. 
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To  verify  the  spectral 
structures  in  Fig.  7,  Ar-L 
Auger  transition  energies 
were  calculated  using  a 
multi-configuration  Dirac 
Fock  (MCOF)  program.  For 
the  cases  studied,  the  term 
splitting  and  the  fine 
structure  splitting  are  of 
the  same  order  so  that  the 
intermediate  coupling 
schemes  are  suitable  for 
the  calculations.  When  the 
projectile  is  simply 
ionized  in  the  2p  orbital 
in  the  collision,  Ar  is 
created.  When  the  3p 
electron  is  removed  in 
addition  to  th^  3p 
ionization,  Ar  is 
obtained. 


Fig.  8  Diagram  for  the  decay  of 
Auger  states  in  Ar°*  and  ^r'*  (23) 
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In  Fig.  8  (23)  the  Auger  transitions  for  Ar  and  Ar  ^  are  indicated  by 
arrows  labelled  in  accordance  with  the  notation  of  the  peak  groups  ^Fia.l|. 
The  peaks  2a  and  2b  are  attributed  to  the  initial  configuration  2s^2s  2p53s^ 
forming  the  doublet  Pi/2,3^2-gThe  peak  groups  1,  3,  and  4  are  due  to  a 
final  configuration  ls^2s‘^2p°  with  an  additional  3d,  3p,  and  3s  electron, 
respectively. 

The  peak  group  1  is  particularly  interesting,  since  it  is  produced  by 
three-electron  transition  which  cannot  be  initiated  by  the  two-body  Coulomb 
interaction  operator  in  first  order.  Also,  shake-up  effects  or  configuration 
interaction  in  the  final  state  of  the  residual  ion  should  not  be  important. 
Here,  higher  order  effects  such  as  interchannel  interaction  have  to  be  consi¬ 
dered. 


5.  TRANSFER  AND  EXCITATION  IN  SLOW  He'^  ON  He  COLLISIONS 


High-resolution  projectile  Auger  spectroscopy  studies  providing  detailed 
information  about  each  excited  state  have  been  performed  previously  for  helium 
and  lithium  projectiles  (25,26) .However,  studies  with  He  projectile;  have  been 
limited  to  relatively  low  impact  energies.  This  has  been  primarily  due  to  the 
fact  that  electrons  from  fast  projectiles  are  significantly  influenced  by  ki¬ 
nematic  li.ie  broadening  effects  produced  by  the  finite  acceptance  angle  of  the 
spectrometer  (19).  Here  measurements  of  autoionization  electrons  from  helium 
projectiles  in  collisions  of  50-500  keV  He  ions  with  He  target  atoms  at  &  ob¬ 
servation  angle  are 


•L 


p  A 


?  '4 


I  ijyi 


..VXv' 


reported  (24). 

Lines  attributed  to 
the  states  (2s,),S, 

(2s2p)  P,  (2p^)‘o 
and  (2s2p)  P  were 
measured  with  high 
resolution  (24). 

An  important 
advantage  of  using 
He  ions  is  that  the 
autoionizing  states 
of  the  projectile 
can  be  created  sole¬ 
ly  by  transfer- 
excitation  (TE) 
processes.  Further¬ 
more,  it  is  0^  in¬ 
terest  to  note  that 
the  Te  process  may 
interfere  with  the 
electron  capture- 
to-the-continuum 
(ECC)  process, 
since  both  result 
in  the  same  final 
state,  i .e. 

He''^(ls  S)  +  e(27).  TE  cross  sections  may  reveal  peak  structures  at  some 
specific  impact  energy,  since  electron  correlation  effects  are  known  to  be 
relatively  strong  in  He  atoms.  Clearly,  these  features  may  be  different  for 
different  excited  states  as  predicted  by  related  theoretical  calculations 
(28-30) . 


Fig,  9  Autoionization  spectra  from  He  projec¬ 
tile  ions  excited  in  collisions  with  He  (CM 
energy)  (24). 
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The  autoionization  spectra  in  the  projectile  rest  frame  are  shown  in 
Fig.  9  exhibiting  the  excited  states  (2s^)  ^S,  (2s2p)  P,  (2p^)  D,  and 
(2s2p)  *P.  The  line  shapes  of  the  singlet  peaks  are  generally  symmetric, 
while  those  of  the  state  {2s2p)  ^P  show  increasing  asymmetry  (Fano  profile) 
with  increasing  impact  energy. 

This  Fano  profile  is  caused  by  an  interference  between  electrons  ejected 
through  the  TE  process  and  the  electron  cap^ure-to-the-continuum  (ECC)  pro¬ 
cess.  It  is  interesting  to  note  that  this  mechanism  is  essentially  different 
from  that  studied  previously  for  the  case  of  He  as  a  target  atom  (31).  In 
that  case,  interference  takes  place  between  autoionization  following  double 
electron  excitation  and  direct  ionization  of  a  single  electron. 


The  intensities  of  the  spectral  lines  were  obtained  by  a  fitting  proce¬ 
dure  using  a  Lorentzian  or  a  Fano  line  profile  folded  with  the  Gauss i an- 1  ike 
spectrometer  response  function. 

The  TE  cross  sections  for  the  four  lines  and  the  total  of  cross  sections 
are  shown  in  Fig.  10  as  a  function  of  the  impact  energy  of  the  He'*'  ions. 

The  cross  sections  of  the  ^P  state  have  a  maximum  at  about  150  keV  and 
decrease  monoton ical ly  as  the  impact  energy  increases.  A  similar  monotonic 
decreap  is  observed  for  the  singlet 
slate  ^P  of  the  2s2p  con¬ 
figuration.  The  cross  sec¬ 
tions  for  the. product  ion 
of  the  (2s  )  S  state  have 
a  peak  at  around  150  keV 
and  decrease  more  rapidly 
than  those  of  the 
(2s2p)^'^P  states  with 
increasing  impact  energy. 

The  product iop  be¬ 
haviour  of  the  (2p^)^D 
state  is  found  to  be  en¬ 
tirely  different  from  that 
of  the  other  states.  The 
cross  section  decreases 
to  a  minimum  value  at  200 
keV  and  then  forms  a  broad 
peak  between  300-  and  AOO 
keV.  The  origin  of  this 
peak  structure  is  not 

clear  at  present.  A  pos-  o  too  zoo  300  too 

sible  interpretation  may  Pro,fc6is  Energ^tkevi 

be  given  within  the  frame¬ 
work  of  the  RTE  model  of  Fig.  10  Absolute  excitation 

Tanis  et  al.  (30).  cross  sections  deduced  from 

the  lines  in  Fig.  9  (24) . 


The  projectile  electron  is,  in  general,  excited  by  the  screened  target 
nucleus  while  the  target  electron  is  captured  by  the  projectile.  This  process 
is  referred  to  as  nonresonanf  transfer  excitation  (NTE).  The  electron  capture 
and  excitation  are  initiated  by  electron-nucleus  interaction  and  they  occur 
independently.  Thus,  the  NTE  probability  is  expected  to  be  proportional  to  the 
product  of  the  two  related  excitation  probabilites  (32).  For  He'*'  +  He  colli- 
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s1ons,  it  has  been  reported  that  the  cross  sections  of  electron  capture  into 
both  the  2s  and  2p  states  exhibit  the  same  energy  dependence  in  the  present 
energy  region  (33,  34) . 

Transfer  excitation  may  also  occur  resonantly  (RTE)  when  the  projectile 
electron  is  excited  by  the  captured  electron  through  electron-electron  inter¬ 
action  and  subsequently  released  by  autoionization.  This  process  is  analogous 
to  the  well-known  resonant  electron  scattering  process  forming  doubly  excited 
states.  The  peak  position  for  such  a  correlated  two-electron  process  is  in 
principle  higher  than  that  of  the  noncorrel ated  NTE  process.  In  the  present 
collision  systems  the  RTE  peak  is  expected  at  the  impact  energy  of  about  300 
keV  (35^,^which  is  roughly  in  agreement  with  the  present  result  observed  for 
the  {2p  )  0  state.  The  peak  width  of  the  RTE  depends  on  the  momentum  distri¬ 
bution  (Compton  profile)  of  the  initial  target  electron  and  is  kinematically 
stretched  in  the  laboratory  frame.  The  width  is  estimated  to  be  about  400  keV 
which  is  also  in  good  agreement  with  the  experimental  results.  Thus  it  can  be 
assumed  that  the  peak  structure  in  the  'd  excitation  cross  section  is  attri¬ 
buted  to  RTEj  and  that  contributions  from  NTE  are  negligible  for  the  produc¬ 
tion  of  the  0  state  in  this  energy  region.  However,  other  processes  like  in¬ 
terference  between  the  'P  and  '0  states  (38)  may  also  cause  a  cross  section 
maximum  as  observed. 


6.  LOW  LYING  AUT0I0NI2ING  STATES  IN  Li-  AND  C-PROJECTILE  IONS 

As  pointed  out  above  zero-degree  electron  spectroscopy  of  projectile  ions 
allows  to  study  autoionizing  transitions  with  very  low  transition  energies 
from  neutral  or  negative  ions.  Such  ions  are  of  fundamental  importance  in  fu¬ 
sion  research  and  reflect  strong  electron-electron  correlation  effects,  which 
require  and  are  testing  many-body  theoretical  calculations.  First,  spectra  of 
low  energy  electrons  (<2  eV)  following  the  decay  of  low-lying  autoionizing 
states  formed  in  gas  (He,  CHv,  Ne,  Ar)  or  C-foil  collisions  with  Li-  and 
C-ions  (100-500  keV)  are  shown  in  Fig.  11. 

The  inserted  spectra  indicate  peaks  in  the  vicinity  of  the  high  energy 
cusp  tails  after  background  subtraction  and  transformation  into  the  center  of 
mass  System.  In  the  Li  spectrum  three  sharp  lines  occur  below  1  eV  which  most 
likely  stem  from  autoionizing  transitions  in  neutral  Li  and  possibly  in 
Li"-(ls  2s2p)  '  P  and  (2s  2p  )‘d  and  ‘S  initial  states.  We  also  note  that 

the  structureSjbetween  one  and  two  eV  may  arise  from  doubly  excited  states  in 
Li'  such  as  Is  nin'i'  with  n  and  n'>3. Principally  also  high  Rydberg  states 


Electron  Energy  (eV) 

Fig.  11  Spectra  of  low-lying  autoionization  lines  (<1  eV  in  C.M.  sys¬ 
tem)  from  400  keV  excited  Li(a)  and  C(b)  ions  (500  keVK 
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associated  with  doubly  excited  levels  in  Li'*'  (ntn'i'),  Li  (IsnAn'f)  and 
triply  excited  Li  (n*.n')i.'n"t")  states  may  contribute  to  the  observed  spectrum. 

A  similar  tentative  interpretation  is  assumed  for  the  carbon  autoioni¬ 
zation  structures  .{Fig.  11).  A  very  intense  line  centered  at  0.25  eV  may 
result  from  C  ls^2s'^  ntn't'  (n,n'>2)  or  C*  Is  2s  2pntn't'  (n,n'>2)  initial 
configurations.  Theoretical  transition  energies  are  urgently  needed  for  the 
data  interpretation. 


7.  CONCLUSION 

In  conclusion,  the  method  of  zero-degree  Auger  spectroscopy  for  electrons 
from  fast  projectile  ions  was  found  to  have  various  advantageous  features. 

Line  broadening  effects  are  strongly  reduced  so  that  high-resolution  spectros¬ 
copy  is  possible  for  electrons  from  fast  projectiles.  The  transformation  of 
the  Auger  spectra  from  the  laboratory  to  the  projectile  rest  frame  yield  ener¬ 
gies  of  the  projectile  and  the  Auger  electrons  with  relatively  high  accuracy. 
Moreover,  the  use  of  light  target  atoms  allows  the  excitation  of  a  few  dis¬ 
tinct  states.  Thus,  problems  are  avoided  concerning  line  blending  which  often 
inhibits  the  detailed  analysis  of  Auger  spectra  produced  in  heavy  ion-atom 
collisions.  The  observed  peaks  are  characteristic  for  the  projectile  charge 
state  which  may  readily  be  varied  in  the  experiments.  Consequently  it  is  pos¬ 
sible  to  obtain  selective  information  about  Auger  transitions  and  individual 
excitation  processes  including  electron-electron  interaction  in  ion-atom  col¬ 
lisions. 

This  report  is  dedicated  to  Markus,  Christian  and  Christa. 
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Hydrogenlike  and  heliumlike  krypton  ion  beams  have  been  prepared  for  the 
first  time.  The  characteristic  x  rays  emitted  by  these  ions  as  well  as  the 
lifetimes  of  the  excited  levels  have  been  precisely  measured.  These  experi¬ 
ments  have  provided  some  checks  on  QED  (Lamb  shift,  diamagnetic  effect  of 
spin-orbit),  and  on  three-body  relativistic  theory  in  the  heaviest  ions 
available  at  present. 


1.  INTRODUCTION 

We  shall  report  in  this  talk  on  a  series  of  experiments  on  hydrogenlike  and 
heliumlike  krypton  ion  beams.  These  beams  have  been  produced  with  the  two  big 
heavy  ion  accelerators  of  the  european  community  :  the  UNILAC  at  GSI  Darmstadt 
(FRG)  and  the  GANIL  at  Caen  (France).  The  experiments  have  been  carried  out  by 
the  following  international  collaborations  : 

European  community 

P.  Indelicate,  P.  Charles,  M.  Tavernier,  V.  San  Vicente,  0.  Gorceix, 

J.P.  Briand  (University  PSM  Curie) 

D.  Liesen,  H.  Beyer,  F.  Bosch  (GSI  Darmstadt) 

J.P.  Desclaux  (CEN  Grenoble) 

U.S.A. 

R.  Marrus  (University  of  California  Berkeley) 

P.  Richard  (Kansas  State  University). 

The  aim  of  the  experiments  was  the  investigation  on  some  QED  or  relativity 
effects  in  the  strongest  available  fields,  i.e.  in  the  heaviest  few  electron 
ions. 

Till  1982,  the  maximum  energy  delivered  by  the  heavy  ion  accelerators  was  of 
the  order  of  10  MeV/amu.  With  such  an  energy,  it  was  not  possible  to  prepare 
fully  stripped  ion  beams  for  elements  of  atomic  numbers  larger  than  Zs26  (1). 

In  the  past  few  years,  some  new  machines  have  been  developed  which  have  provided 
more  energetic  ions  •.  the  BEVALAC  at  Berkeley  accelerating  ions  up  to  1  GeV/amu,  . 
the  UNILAC  at  Darmstadt  whose  energy  has  been  upgraded  to  20  MeV/amu,  and  the 
GANIL  at  energies  up  to  100  MeV/arau.  It  is  now  possible  with  the  BEVALAC  to 
prepare  fully  stripped  uranium  beams.  These  ion  beams  of  relatively  small  inten¬ 
sity  have  been  used,  up  to  now,  mainly  for  collision  studies  as  reported  in  some 
talks  in  this  conference.  We  shall  mainly  concentrate  here  on  the  ion  beams 
delivered  by  the  UNILAC  and  the  GANIL  which  provided,  for  the  first  time,  with  a 
large  intensity,  fully  stripped  krypton  ions  (and  very  lately  xenon  ions), 
allowing  accurate  spectroscopic  studies.  We  shall  successively  describe  how  to 
produce  those  ion  beams  and  how  to  measure  their  unknown  atomic  properties  such 
as  energy  losses,  charge  state  distributions  in  thin  foils,  excitation  mechanisms, 
and  the  experimental  results  on  the  decay  of  hydrogenlike  and  heliumlike  ions. 
These  experiments,  being  the  first  ones  performed  at  the  GANIL  in  the  field  of 
atomic  physics,  we  shall  begin  with  a  brief  description  of  this  newly  opened 
facility. 

*  Units  associSe  au  CNRS  040771 
Work  supported  by  NATO  Grant  No.RG252.80 
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2.  THE  GANIL  HEAVY  ION  FACILITY 

The  GANIL  (Grand  Accdldrateur  National  d'lons  Lourds),  located  in  the  vicin¬ 
ity  of  Caen,  delivered  the  first  ion  beam  in  the  beginning  of  1983.  The  machine 
has  been  operational  since  1984.  The  first  experiment  in  atomic  physics  using 
the  GANIL,  which  is  presented  here,  was  carried  out  in  June  1984.  Originally  the 
GANIL  was  built  for  the  study  of  nuclear  reactions,  but  10%  of  the  beam  time 
could  be  used  for  solid  state  physics  or  atomic  physics. 

The  GANIL  is  composed  of  two  identical  sector  cyclotrons.  The  first  one  accel¬ 
erates  ions  up  to  energies  of  3  to  6  MeV/amu.  The  ions  after  being  stripped  and 
charge  selected  are  injected  into  the  second  one,  working  with  different  har¬ 
monics,  and  reaccelerated  up  to  energies  ranging  between  10  and  100  MeV/amu 
(Fi gure  1  ). 


E  HeV/amu 
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FIGURE  1 

Maximum  energies  delivered  by  the  UNILAC  and  the  GANIL 


After  being  accelerated,  the  ions  are  passed  through  a  particle  selector  (the 
so-called  a  spectrometer)  in  order  to  be  monochromatized  up  to  a  precision  of 
10"'.  The  ions  are  then  distributed  into  various  dedicated  caves  of  the  experi¬ 
mental  area.  As  seen  in  figure  1,  the  main  characteristic  of  the  GANIL  is  its 
ability  to  accelerate  ions  of  medium  mass  elements  up  to  energies  of  10  to  40 
MeV/amu  depending  on  the  ion  source  used.  The  heaviest  ion  beam  prepared  so  far 
is  a  krypton  beam  of  36  MeV/amu,  with  typical  intensities  of  the  order  of  100  nA. 
As  discussed  in  the  next  section,  this  energy  allows  the  production,  with  quite 
a  large  intensity,  of  fully  stripped  krypton  ions. 

The  LISE  (Ligne  d'lons  Super  EpluchSs  :  beam  line  of  highly  stripped  ions)  is 
a  specially  dedicated  cave  for  atomic  physics  studies  (Figure  2). 

The  aim  of  this  device  is  to  provide  the  charge  state  separation  of  the  most 
energetic  ion  beam.  It  is  made  of  two  identical  dipole  magnets  and  a  series  of 
quadrupoles.  The  ions  after  being  stripped  are  dispersed  in  charge  in  the  first 
magnet.  A  given  charge  state  is  then  selected  and  sent  into  the  second  dipole 
magnet  in  order  to  tune  a  perfectly  achromatic  beam.  The  completely  automatized 
spectrometer  allows  the  preparation  of  very  well  defined  ion  beams  of  any  charge 
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FIGURE  2 

Schematic  of  the  dedicated  highly  stripped  ion  beam  facility 
for  atomic  physics  at  the  GANIL  ;  LISE 


state.  It  also  allows  an  easy  study  of  charge  state  distributions  and  energy 
losses  as  described  in  the  next  two  sections. 


3.  CHARGE  STATE  DISTRIBUTIONS 

The  charge  state  distributions,  even  if  predicted  by  semi  empirical  formulae, 
are  not  known  for  krypton  ions  at  such  high  energies.  At  18  MeV/amu,  at  the 
UNILAC,  the  charge  state  distribution  observed  after  passing  the  beam  through 
carbons  foils  of  various  thicknesses  is  presented  in  figure  3.  As  it  can  be  seen 
only  a  very  small  fraction  of  the  incident  beam  (less  than  IT)  is  fully  stripped. 
We  observed  the  first  hydrogenlike  and  heliumlike  ions  in  these  experimental 
conditions  (2),  but  could  not  study  the  hydrogenlike  ions  for  the  production  of 
which  the  GANIL  energies  were  needed. 

Some  of  the  charge  state  distributions  obtained  at  36  MeV/amu  are  shown  in 
figure  4.  The  observed  distributions  for  foils  of  various  natures  and  thick¬ 
nesses  are  close  from  those  predicted  by  Betz  like  formula  (see  arrows  on  the 
right  side  of  figure  5). 

In  conclusion,  the  fully  stripped  fraction  of  the  beam  is  only  reached  for 
very  thick  targets  (6  mg/cm^).  This  will  obviously  constitute  a  serious  limi¬ 
tation  for  the  spectroscopic  studies  of  krypton  because  of  great  angular  and 
energy  stragglings  in  such  targets.  This  leads  to  pessimistic  predictions  for 
the  study  of  xenon  beams.  In  figure  5,  the  charge  state  of  the  beam  for  various 
foils  of  different  thicknesses  is  compared  to  a  semi  empirical  formula  developed 
by  San  Vicente  (3). 


4.  ENERGY  LOSSES 

As  it  will  be  pointed  out  in  section  5,  the  energy  of  the  ion  beam  for  accu¬ 
rate  x-ray  measurements  must  be  precisely  known.  This  calibration  is  easily 
obtained  at  the  GANIL  with  the  use  of  the  a  spectrometer  (AE/E  n,  10“').  In  the 
experiments  described  in  section  6,  the  beam  is  passed  through  two  thick  targets 
(stripping  and  dressing  foils).  This  provides  quite  a  large  energy  straggling 
and  a  change  in  the  mean  energy  of  the  beam  that  cannot  be  predicted  by  extra¬ 
polations  of  the  present  data.  We  have  made,  using  the  LISE  spectrometer,  some 
measurements  of  these  energy  losses.  The  technique  consists  of  looking  with  a 
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Charge  state  distributions  of  18  MeV/  Charge  state  distributions  of  35  MeV/ 
amu  krypton  ions  (UNILAC)  amu  krypton  ions  (GANIL) 


position  sensitive  detector  at  the  angular  dispersion  of  the  ions  in  the  first 
dipole  of  the  LISE.  We  present  in  figure  6  some  of  the  experimental  results 
which  are  compared  to  the  predictions  of  the  Fleury's  Table  (4).  The  measured 
values  do  not  differ,  except  perhaps  in  one  of  the  cases,  from  the  Fleury's  pre¬ 
dictions.  The  precision  of  the  energy  losses,  reached  in  the  experiments,  is  of 
the  order  of  10%,  a  point  that  will  be  discussed  later. 


5.  EXCITATION  MECHANISMS 

The  last  point  to  discuss  before  starting  an  experiment  isthe  excitation  mech¬ 
anisms.  At  energies  of  the  order  of  10  MeV/amu  the  excitation  of  the  projectile 
is  mainly  due  to  electron  capture  via  charge  exchange  with  the  target.  The  excit¬ 
ation  of  the  hydrogenlike  ions  is,  for  instance,  obtained  when  passing  the  beam 
of  bare  nucleus  through  a  carbon  foil  (the  dressing  one)  in  which  the  ion  picks 
up  an  electron  in  the  n=2  or  n=3  state.  At  energies  of  the  order  of  36  MeV/amu 
the  charge  exchange  cross  section,  decreasing  like  E’'’,is  very  small  and  there¬ 
fore  it  is  difficult  to  excite  the  beam  (1%  of  the  ions  is  excited  with  a 
36  MeV/amu  krypton  ion  oeam  when  100%  of  an  iron  one  can  be  excited  at  an  energy 
of  10  MeV/amu).  Another  mechanism  of  importance  at  those  high  energies  is  the 
Coulomb  excitation  whose  cross  section,  while  small,  scales  only  very  slowly 
with  the  particle  energy.  Should  the  process  be  found  important,  we  would  have 
used,  instead  of  bare  ion  beam  to  produce  excited  hydrogenlike  ions,  the 
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FIGURE  7 

E' citation  of  hydrogen like  and  heliumlike 
krypton  ions  at  36  MeV/amu  in  different  targets 


hydrogenlike  incident  ions  to  be  excited  in  the  second  foil.  We  have  carried  out 
a  series  of  experiments  looking,  with  a  SiLi  detector  located  just  in  front  of 
the  dressing  foil,  at  the  characteristic  peaks  of  hydrogenlike  and  heliumlike 
ions.  Some  of  the  most  typical  results  obtained  are  presented  in  figure  7. 

The  relative  x-ray  yields,  in  the  same  dressing  foil,  obtained  with  three 
different  beams  having  different  charge  state  distributions,  are  shown  in  the 
above  figure.  One  can  see  the  relative  yields  for  hydrogenlike  and  heliumlike 
ions  changing  dramatically  with  the  nature  of  the  incident  beam.  A  careful  study 
of  the  quantitative  data  obtained  in  this  experiment  leads  to  the  conclusion 
that  at  36  MeV/amu  the  dominant  process  is  still  the  capture  but  the  excitation 
mechanism  may  not  be  neglected. 
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6.  THE  STUDY  OF  HYDROGENLIKE  IONS 

One  of  the  main  purposes  of  the  experiments  was  to  check  fundamental  theories 
in  physics.  The  most  precise  check  can,  in  principle,  be  made  using  two-body 
systems  (hydrogenlike  ions)  for  which  exact  calculations  are  possible.  Because 
all  relativistic  and  QED  effects  scale  like  T,  it  is  interesting  to  study  the 
hydrogenlike  ions  of  the  highest  nuclear  charge.  The  first  one  was  studied  in 
1982  (1).  So  far  the  hydrogenlike  chlorine  and  argon  ions  have  been  studied 
using  different  techniques.  For  the  krypton  ions,  the  technique  used  is  similar 
to  that  described  in  (1).  The  principle  of  the  experiment  is  to  measure  the 
energy  of  the  characteristic  x  rays  emitted  in  flight  by  the  ions  and  to  compare 
them  to  x-ray  standards  provided  by  a  conventional  x-ray  tube  linked  to  the 
ground  (Figure  8). 
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FIGURE  8 

Schematic  of  the  experimental  set-up 


The  major  difficulty  in  this  kind  of  experiment  is  to  get  rid  of  the  huge 
Doppler  aberrations.  Very  precise  angular  measurements  of  the  x-ray  and  ion 
beam  directions  (s.  10"‘‘d°)  are  necessary  as  well  as  accurate  measurements  of  the 
ion  velocity  (technical  information  on  the  experimental  procedure  can  be  found 
in  (5)).  All  previously  described  techniques  have  been  improved  in  this  experi¬ 
ment  and  a  precision  of  20  to  40  ppm  on  the  absolute  transition  energy  can  be 
obtained.  As  seen  in  section  4,  the  main  contribution  to  the  experimental  error 
bar  is  the  uncertainty  on  the  energy  losses  in  the  foils. 

The  first  aim  of  the  experiment  was  to  measure  the  (Is)  Lamb  shift  of  the 
hydrogenlike  krypton  ion.  The  principle  is  simple  and  consists,  as  explained  in 
figure  9,  of  comparing  the  experimental  energy  of  the  Lyman  a  (n=2  -►  n=1  tran¬ 
sition)  with  the  value  predicted  by  the  Dirac  equation.  A  typical  spectrum  of 
the  Lyman  a  lines  of  hydrogenlike  krypton  is  presented  in  figure  10.  The  experi¬ 
mental  values  (see  Figure  9)  have  been  found  in  very  good  agreement  with  theory 
(within  a  few  ppm).  It  constitutes  for  the  moment  the  most  accurate  measurement 
of  the  (Is)  Lamb  shift  for  the  heaviest  hydrogenlike  ions. 

The  measurement  of  the  spin-orbit  splitting  is  another  illustration  of  the 
interest  of  the  study  of  hydrogenlike  ions.  The  spin-orbit  splitting  is  calcu¬ 
lated  in  the  text  books  from  the  perturbation  theory  using  t]je  well  knoyjn  formula 
of  the  spin-orbit  energy  in  classical  electrodynamics  w  =  -  p  5,  where  u  is  the 
magnetic  moment  of  the  electron  and  B  the  magnetic  field  induced  by  its  rotation. 
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Measurement  of  the  (Is)  Lamb  shift 


Then  using  the  correspondence  principle  and  the  perturbation  theory,  one  can 
easily  derive  the  formula 

AE  =  -Jj  a"  m  c^. 

JC  0 

This  calculation  is  however  an  approximation,  not  onj^y  because  it  is  a  pertur¬ 
bative  method,  but  also  because  the  classical  w  =  -  vi  §  formula  neglects  the 
diamagnetic  effect,  i.e.  the  reaction  of  the  electron  magnetic  moment  to  its 
orbit. 

In  principle,  the  exact  value  of  the  spin-orbit  coupling  is,  we  believe, 
given  by  the  Dirac  equation  which  included  all  corrections  at  all  orders.  This 
assumption  has  however  never  been  checked.  In  the  case  of  hydrogenlike  atoms,  for 
which  the  spin-orbit  energy  has  been  measured  with  the  greatest  accuracy  (10  ppm) 
this  energy  difference  between  the  Dirac  value  and  the  corrected  Schrodinger's 
one  is  much  smaller  (<<  1  ppm)  and  cannot  be  measured.  In  the  case  of  hydrogen¬ 
like  ions,  owing  to  the  Z''  scaling  law  for  the  spin-orbit  energy,  the  energy 
now  becomes  measurable  as  it  is  shown  in  figure  11.  Therefore  it  is  now  possible 
to  observe  the  reaction  effect  of  the  Dirac  relativistic  theory  and,  for  the 
first  time,  the  diamagnetic  effect  of  the  spin-orbit. 
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Hydrogenl ike  krypton  spectrum 
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7.  THE  HELIUMLIKE  IONS 

The  major  interest  of  the  study  of  heliumlike  ions  is  that  of  the  most  ele¬ 
mentary  three-body  system  in  which  the  relativistic  theory  can  be  checked.  In 
the  non-relativistic  case,  the  heliumlike  ion  energy  is  the  sum  of  the  Schrbdin- 
ger  eigenvalues  for  the  electrons  in  the  field  of  the  nucleus  plus  the  repulsive 
energy  between  the  two  electrons,  i.e.  the  expectation  value  of  <  ^  >.  This  term 
can  be  now  calculated  with  a  precision  larger  than  that  of  experimental  ones. 

In  the  relativistic  case,  the  electron  energy  in  the  field  of  the  nucleus  is 
given  by  the  Dirac  eouation.  In  the  calculation  of  the  electron-electron  inter¬ 
action  energy,  all  relativistic  effects  such  as  the  spin-spin  interaction 
retardation  effect  must  be  taken  into  consideration.  It  is  the  Breit  term.  In 
the  calculation  of  this  term,  some  of  the  contributions  can  be  evaluated  accu¬ 
rately  and  some  others  be  neglected,  but  a  few  ones  are  absolutely  unknown.  A 
point  that  we  would  like  to  discuss. 

Those  terms  scaling  like  Z-  or  Z'  have,  in  the  case  of  helium  atoms,  a  negli¬ 
gible  value,  but  play  a  great  role  for  very  heavy  elements  such  uranium  where 
they  can  reach  lO  to  30  eV.  Among  the  relativistic  or  QED  corrections  that  have 
to  be  taken  into  account,  two  of  them  play  an  important  part  ;  the  magnetic 
correlation  effect  and  the  three-body  QEO  effect  (all  the  others,  as  described 
in  figure  12,  are  very  small  and  can  easily  be  calculated).  The  magnetic  cor¬ 
relations  effect,  calculated  for  the  first  time  by  Desclaux  (10),  is  the  instan¬ 
taneous  effect  in  the  magnetic  spin-spin  interaction  between  the  two  electrons 
(it  is  the  relativistic  counterpart  of  the  electrostatic  correlation  effect).  It 
has  been  calculated  using  the  configuration  interaction  technique  based  on  Dirac 
Fock  results.  This  effect  is,  in  the  case  of  krypton  as  shown  in  figure  12,  at 
present  larger  than  the  experimental  error  bar.  The  second  term  is  the  value  of 
the  (1s)  Lamb  shift  in  presence  of  a  second  (Is)  electron.  There  is,  so  far,  no 
method  to  calculate  in  a  straightforward  way  this  three-body  effect.  The 
"simplest"  one,  used  at  present,  is  the  screening  technique.  As  listed  in 
figure  12  the  correction  is  larger  than  the  experimental  error  bar.  The  sum  of 
both  terms  is  found  for  the  moment  in  reasonable  agreement,  at  least  for  one  of 
the  two  major  components  of  the  Lyman  .  spectrum  of  the  heliumlike  ion.  Both 
terms  scaling  diffe''ently  with  Z,  it  is  necessary  to  make  some  measurements  on 
heavier  systems  to  ckeck  completely  the  three-body  relativistic  theory. 
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8.  MEASUREMENTS  OE  THE  LIFETIMES  OF  HELIUMLIKE  IONS 

The  last  point  to  be  presented  is  the  measurement  of  the  lifetimes  of  most 
of  the  metastable  levels  of  heliumlike  ions.  This  experiment  was  first  performed 
at  the  GANIL  last  year,  and  again  two  months  ago  at  the  UNILAC.  The  interest  of 
this  kind  of  experiment  was  to  ckeck,  also  for  the  first  time,  relativistic 
corrections  (namely  the  relativistic  part  in  the  two-photon  decay)  for  the 
oscillator  strengths. 

Figure  13  shows  the  typical  energy  scheme  of  the  (ls)(2ic)  state  of  a  helium¬ 
like  ion.  All  levels  can  decay  radiatively  to  the  ground  state,  directly  or  by 
cascades.  Some  others  are  metastable.  Among  them  are  the  (1s)(2s)  states.  The 
^So  state  can  decay  only  to  the  ground  state  via  a  two-photon  transition.  This 
process  was  first  observed  in  1970  by  Schmieder  and  Marrus  (11). 


fasl 


FIGURE  13 

Decay  scheme  of  heliumlike  krypton  ions 


The  Si  can  also  decay  to  the  ground  state  via  a  2E1  transition  but  also  via  a 
Ml  one.  Due  to  correlation  effects,  th's  decay  is  slowed  down  with  respect  to 
the  ^So  one,  but  the  Ml  transition,  whose  contribution  is  negligible  for  light 
elements  and  scales  like  Z’°,  is  getting,  for  the  first  time,  appreciable  for 
krypton  ions. 

Among  the  (1s)(2p)  levels  which  are  metastable  are  the  'P;  and  P;  ones.  The 
first  level  mainly  decays  to  the  ^P,  state  for  light  elements.  For  heavy  elements 
it  chiefly  decays  directly  to  the  ground  state  via  a  M2  transition.  The  ‘P; 
level  decays  only  to  the  ’Si  and  subsequently  to  the  ground  state  (its  lifetime 
is  very  long  according  to  its  small  energy).  These  lifetimes  have  been  measured 
using  a  conventional  time-of-f 1 ight  new  device  allowing  the  determination  of 
lifetimes  of  the  order  of  10'”s.  The  detector  used  to  observe  the  two-photon 
continuous  spectrum,  the  magnetic  dipole  (Ml)  or  the  magnetic  quadrupole  tran¬ 
sition  is  a  SiLi  detector  facing  downstream  after  the  foil.  The  main  advantage 
of  such  an  experiment  was  to  become  sensible,  namely  in  the  case  of  the  two- 
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photon  decay,  to  the  relativistic  effects.  We  present  in  figure  14  one  of  the 
most  typical  results  obtained  in  this  experiment  for  the  lifetime  by  two-photon 
decay.  The  results,  still  under  study,  are  in  close  agreement  with  recent 
theory.  In  the  case  of  decays  of  two  photons,  it  is  then  possible  to  check  for 
the  first  time  the  validity  of  the  relativistic  theory  v12). 
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With  the  use  of  a  position-  and  time-sensitive  two-particle-detector  it  has 
become  possible  to  perform  detailed  experiments  on  dissociations  in  a  fast 
beam  which  produces  two  neutral  fragments.  In  measurements  of  the  dissocia¬ 
tive  charge  exchange  of  H2  with  various  target  atoms  the  charge  exchange 
process  as  well  as  the  dissociative  mechanisms  in  the  H2  molecule  are 
investigated. 


1.  INTRODUCTION 

In  collisions  of  keV  hJ  ions  with  atomic  or  molecular  targets  H2  molecules 
as  well  as  H'^,  H  and  H"  fragments  are  produced.  The  interest  in  these  processes 
is  fundamental  and  practical:  because  is  the  simplest  molecule  it  is  acces- 
sable  for  accurate  collision  theories  and  next  to  it  empirical  knowledge  about 
collisions  of  hydrogen  molecules  is  important  in  fusion  research  and  astrophy¬ 
sics.  It  was  already  established  in  one  of  the  earlier  experiments  (1)  that  in 
collisions  of  H2  with  H2,  the  production  of  H-H  pairs  through  Dissociative 
Charge  Exchange  (DCE)  is  the  dominant  reaction  in  the  keV  range  with  cross  sec¬ 
tions  exceeding  10'*^  cra^.  Nevertheless  this  process  has  not  yet  been  the  sub¬ 
ject  of  many  detailed  experiments  because  of  the  lack  of  an  appropriate  experi¬ 
mental  technique,  in  contrast  to  dissociations  which  deliver  a  charged  fragment. 

1.1.  Experiments 

Many  scattering  experiments  have  been  devoted  to  the  measurement  of  the  to¬ 
tal  and  differential  cross  sections  of  the  DCE  of  H2  with  various  targets  (1-4) 
(and  references  therein).  Since  the  angular  distribution  of  H-fragments  is  a 
convolution  of  the  released  kinetic  energy  (c)  and  the  center  of  mass  recoil 
angle  (0)  it  is  difficult  to  extract  information  on  the  H2  states  involved. 
McClure  (1)  concluded  that  probably  the  direct  exchange  into  the  repulsive  b-^C* 
state  (see  fig.  2)  is  the  dominant  channel  in  the  DCE  of  hJ  with  H2.  From  other 
experiments  (5-7),  in  which  the  appearance  of  excited  H-atoms  was  observed,  pre¬ 
dissociations  of  highly  excited  H2  molecules  was  inferred.  Recently  Gellene  et 
al.  (8)  performed  a  combined  study  of  "neutral  beam  profiles"  and  fluorescence 
after  collisions  of  with  several  metal  vapor  targets.  Radiative  dissociation 
from  the  a^E^  state  to  the  repulsive  b^E^,  state  was  identified  through  molecu¬ 
lar  b -- a  fluorescence. 

The  first  experiments  in  which  the  released  kinetic  energy  (  ;)  was  directly 
measured  were  performed  by  Meierjohann  and  Vogler  (9,10).  They  used  two  channel- 
trons  to  detect  the  Flight  Time  Difference  (FTO)  of  correlated  H-H  pairs  after 
charge  exchange  of  Hj  with  H2  and  noble  gas  targets.  As  a  new  channel  the  pre¬ 
dissociation  of  the  c^flu  state,  and  tentatively  also  of  the  e^E*  state,  was  ob¬ 
served.  Very  recently  another  technique  was  used  by  Peterson  and  Bae  (11)  in 
which  also  is  measured  but  with  a  low  resolution.  Neutral  products  of  charge 
exchange  collisions  with  Cs  are  converted  into  negative  ions  in  a  second  colli¬ 
sion  and  the  kinetic  energy  distribution  is  measured  with  an  electrostatic  ana¬ 
lyzer. 

Our  experimental  method  (12),  described  in  section  2,  can  be  seen  as  an  ex¬ 
tension  of  the  FTD  technique.  Besides  the  FTD  (t)  simultaneously  the  mutual  dis- 


698 


D  P.  de  Bruljn 


tance  (R)  of  the  fragments  is  measured  over  the  whole  solid  angle  in  which  frag¬ 
ments  are  scattered.  Measurements  on  the  DCE  of  Hj,  differential  in  c  and  6  and 
with  a  high  resolution,  are  performed  with  a  whole  range  of  targets.  From  these 
experiments  all  important  channels  could  be  studied  in  detail. 


ExpcAd-mentaZ  meXhod  ioa  TfianitaXLonat  Specific icoptj.  Both  ^aagnieiUi  afie  dc-tzeted 
in  deZaijed  coincidence  on  a  channetplaXe  detccto\. 


2.  EXPERIMENTAL  METHOD 

Figure  1  gives  a  schematic  drawing  of  the  experimental  method  (12).  Both 
fragments  are  detected  in  delayed  coincidence  on  a  time-  and  position-sensitive 
double  detector,  based  on  micro  channel  plates.  The  released  kinetic  energy  c 
and  the  c.m.  recoil  angle  6  can  be  calculated  directly,  for  every  event,  from 
the  measured  mutual  distance  R  and  the  flight  time  difference  i  as: 

e  =  (Ey4l2)[(VgT)^^-R^]  (m,  =m2)  (1) 

0  =  arctan(R/v^T)  (2) 

in  (1)  and  (2)  1  denotes  the  flight  length  from  the  dissociation  to  the  detec¬ 
tor,  which  has  to  be  fixed,  and  Eg  and  Vg  are  respectively  the  energy  and  the 
velocity  of  the  primary  beam.  The  resolution  in  t.  is  typically  0.5%,  the  best 
absolute  energy  resolution  observed  so  far  is  3  meV.  It  will  be  clear  that  this 
method  is  very  suitable  to  study  DCE  since  the  charge  state  of  the  fragments  is 
of  no  importance.  Because  both  fragments  are  detected  even  the  scattering  of 
the  whole,  dissociating,  molecule  in  the  charge  exchange  collision  can  be  mea¬ 
sured  ( 13) . 


3.  DISSOCIATIVE  PROCESSES  IN  H2  AFTER  CHARGE  EXCHANGE 

In  figure  2  the  potential  curves  rf  the  H,  states  which  are  found  to  be  im¬ 
portant  in  the  DCE  of  are  drawn.  Four  different  channels  ("a"-"d")  are  indi¬ 
cated  in  this  figure  as  well  as  in  the  "typical"  spectrum  of  figure  3.  Among 
these  are  all  three  possible  mechanisms  for  dissociation:  i)  direct  dissocia¬ 
tion  -process  "b",  direct  Charge  Exchange  (CE)  to  the  repulsive  b-state, 
ii)  radiative  dissociation  -  process  "a",  CE  to  the  bound  a-state  which  decays 
radiatively  to  the  b-state  and  iii)  predissociation  -  processes  "c”  and  "d".  In 
figure  2  also  the  ionization  potentials  of  the  different  targets  are  indicated 
by  vertical  dashed  arrows  at  the  left. 

Already  from  the  realization  that  NRCE  is  the  dominant  mechanism  and  that  the 
use  of  the  Franck  Condon  principle  is  justified  in  the  charge  exchange  processes 
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FIGURE  2 

Fou/i  dii^^Ae.nt  machanCimi ,  denoted  a-d,  in  the  ViiiocitUive  ChoAge  Exc/iangc 
(tlCEl  oi  H2  . 


FIGURE  3 

EKpefUmentai  ipecteum  o^  the  VCE  Ho  laith  a  Cs  taiget  and  a  cotCiiion  enetgij 
o(i  5  feel/,  dii^eAentiai  to  the  xeleoAea  kinetic.  eneAgy  e  and  the  c.m.  Aecoit 
angle  e.  ViHetient  channels  a-d  (iee  ij-ig.  Z)  atie  indicated. 
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discussed  here,  one  gets  a  reasonable  qualitative  explanation  of  the  results. 
Next  to  it  the  collision  velocity  v^*  wtieife  the  maximum  cross  section  for  CE 
is  reached  can  be  found  from  the  Demkov  model  (14,15).  For  the  atom-atom  case 
with  a  fixed  resonance  energy  defect  (fixed  internuclear  distance  in  a  mole¬ 
cule)  holds,  with  1  being  a  parameter  on  the  order  of  the  dimension  of  the 
a  toms : 

(|AI1  •  1)/  (h  ■  v^^^)«  1  (3) 

Summarizing  this  means  that  in  the  potential  diagram  of  fig.  2  CE  takes  place 
vertically  (FC  principle)  to  states  which  are  "chosen"  by  the  target  to  give  a 
low  AI  (NRCE).  If  AI  is  larger  than  1-2  eV  large  cross  sections  will  first  be 
reached  at  a  collision  energy  of  roughly  10  keV  (Demkov). 

More  detailed  theoretical  calculations  on  charge  exchange  of  motiLc.aloin.  ions 
are  very  scarce  and  mainly  deal  with  non  dissociative  CE  in  symmetrical  systems 
such  as  H2  +  H2  (16,17).  Sidis  and  de  Bruijn  (18)  have  recently  published  a  semi- 
classical  theory  on  NRCE  of  molecular  ion + atom  collisions,  differential  to  the 
internal  parameters  of  the  molecule  including  its  orientation.  Calculations  are 
presented  for  several  (coupled)  dissociative  channels  in  the  charge  exchange  of 
Hj  with  Mg  atoms.  Good  agreement  was  obtained  with  the  experimental  results  of 
de  Bruijn  et  al .  ( 13) . 

3.1.  Experimental  results 

Since  NRCE  is  the  dominant  mechanism  one  observes  with  a  Cs  target  (fig.  3) 
mainly  processes  "a"  and  "c"  which  are  almost  resonant  for  all  vibrational  le¬ 
vels.  One  expects  roughly  equal  populations  of  the  a-  and  c-states  after  the 
collision  (18)  as  a  result  of  the  long  range  sharing  process  after  these  states 
have  been  mixed  to  (2so  ±2pTiu)  hybrid  states  during  the  collision  under  the 
Stark  effect  of  the  target  ion.  Moreover  processes  "a"  and  "c"  are  enhanced  for 
all  targets  because  the  resonance  energy  defect  is  reduced  for  the  lowermost 
hybrid  (18,19). 

c-spectra  are  given  in  fig.  4  for  targets  with  ionization  potentials  ranging 
from  3.9  eV  (Cs)  to  15.8  eV  (Ar)  and  several  beam  energies  for  a  Mg  target.  For 
alkali  targets  it  is  indeed  observed  that  processes  “a"  and  "c"  are  roughly 
equally  strong,  presuming  the  continuum  to  consist  mainly  of  process  "a".  This 
could  be  checked  by  measuring  the  deflection  of  the  whole  molecule,  which  is 
larger  for  the  nonresonant  process  "b",  and  by  experiments  with  vibrational ly 
selected  beams.  The  peaks  at  low  c  of  process  “d"  are  only  clearly  observed 
with  a  Cs  target,  for  Na  the  resonance  energy  defect  AI  is  almost  4  eV  (fig.  1) 
and  the  contribution  has  become  very  small.  In  general  NRCE  of  is  observed 
to  give  high  cross  sections  until  AI  is  about  2  eV.  This  means  that  for  an  Ar 
target  NRCE  to  a  dissociative  state  will  be  weak.  The  smallest  AI’ s  are  found 
for  process  "b"  at  large  internuclear  distances  resulting  in  very  low  c's  as 
observed.  Neither  for  the  alkali  nor  for  an  Ar  target  the  c-spectra  changed 
very  much  over  our  energy  range  of  1.5-7  keV  in  agreement  with  the  Demkov 
model . 

With  a  Mg  target  a  strong  dependance  of  the  e -spectra  for  the  DCE  of  hJ  on 
the  beam  energy  is  observed  (fig.  4).  For  the  lowest  energy  (1.5  keV)  the  spec¬ 
trum  is  dominated  by  the  luonant  charge  exchange  from  H2,  v  =  0  to  the  b-state, 
calculated  to  have  a  cross  section  exceeding  10"1‘*  cm'l  (18).  Going  to  higher 
beam  energies  the  cross  section  for  v=0  decreases,  according  to  eq.(3),  while 
the  cross  section  for  higher  vibrations  increases  resulting  in  a  lowering  and 
broadening  of  the  observed  continuum.  At  the  same  time  the  cross  section  for  the 
processes  "a"  and  "c"  increases,  NRCE  is  possible  because  the  real  AI  is  lower 
than  the  asymptotic  value  of  4  eV  because  of  the  Stark  effect  mentioned  before. 
Process  "a"  manifests  itself  as  a  maximum  around  c  = 2  eV  for  E>  5  keV,  the 
fluorescence  is  most  likely  around  the  outer  turning  point  because  the  cross 
section  increases  with  (20). 
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FJGURE  4 

ExpeAUmntcU  c-ipictna  a^teA  OCE  0|j  (Jo'i  cU^jewitt  taiget  atcim  (fc^t  'lowl 
and  cUjS^eAent  cottli-ion  ('lEgAt  towj)  ^ol  a  Mg  taigef. 


4.  PREDISSOCIATIONS  IN 

4.1.  Predissociations  to  the  first  dissociation  limit  H(ls)+H(ls). 

Predissociations  producing  two  ground  state  H-atorns  will  have  an  f,  larger 
than  6.5  eV  because  the  first  bound  level  lies  this  high  above  the  first  dis¬ 
sociation  limit.  For  all  targets  the  observed  structure  could  be  fully  descri¬ 
bed  as  the  vibrational  series  of  the  c^n^  state  {predissociating  to  the  b^Zj 
state)  (21),  excluding  other  predissociations  such  as  the  e^Zu  state.  From  a 
computer  convolution  procedure  the  populations  and  partially  also  the  lifetimes 
of  rovibrational  levels  could  be  deduced.  The  lifetime  before  predissociation 
produces  an  exponential  tail  towards  lower  e's  because  the  flight  length  1  is 
shortened.  The  lifetime  of  the  v  =  0,  N=  1  level  is  found  to  be  6.2  ns,  in  good 
agreement  with  theoretical  calculations  (22).  The  most  striking  conclusion  from 
the  measured  populations  is  the  strong  rotational  excitation  during  the  charge 
exchange  collision,  especially  for  higher  vibrational  levels  and  increasing  con- 
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siderably  with  AI  for  different  targets. 

Knowledge  on  the  behaviour  of  the  c^llu  state  is  important  not  only  because 
it  is  a  triplet  state  but  also  because  it  is  the  only  metastable  state  in  H2. 

Of  every  rotational  level  one  of  the  A  components,  together  forming  the  IT 
state,  is  metastable  (23,24)  while  the  other  components  (the  n  state)  is  al¬ 
lowed  to  predissociate.  We  have  used  the  n  state,  with  all  vibrations  popula¬ 
ted  in  CE,  in  photodissociation  studies  of  higher  lying  triplet  (gerade)  states 
(25)  as  will  be  presented  at  this  symposium  by  H.  Helm. 

4.2.  Predissociations  to  higher  dissociation  limits. 

The  predissociative  peaks  at  low  c's,  mainly  observed  with  a  Cs  target,  show 
a  clear  limit  at  1.9  eV  characteristic  for  dissociations  into  H(1s)  +  H(21).  Fi¬ 
gure  5  shows  a  part  of  the  rotational ly  resolved  (!)  spectrum  with  the  assign¬ 
ments  to  three  electronic  states,  indeed  all  dissociating  into  H(1s)+H(21).  No 
evidence  was  found  for  predissociations  of  higher  lying  Rydberg  states,  in 
agreement  with  the  expectation  that  these  states  will  be  only  very  weakly  popu¬ 
lated  in  NRCE.  The  peaks  below  0.35  eV  which  are  unassigned  in  fig. 5  are  due  to 
predissociations  of  quasibound  levels  of  states  with  a  potential  barrier,  con¬ 
verging  to  the  second  dissociation  limit. 

One  of  the  remarkable  results  of  these  experiments  is  the  predissociation  of 
the  J*Ag  state  of  which  only  the  components  are  observed  (by  performing  mea¬ 
surements  with  pure  para  hydrogen,  see  fig.  5).  According  to  Kronigs  selection 
rules  a  A  state  has  to  predissociate  here  to  a  n  state  (the  I 'rig  state)  and  this 
would  be  allowed  also  for  the  A"  components. 


FIGURE  5 

PfLidUioc-ottconi  to  the  iecond  diAiociation  Limit  oi  a^teA.  the  VCE  ol 
with  Ci  at  2.5  keV.  The  uppeA  ipectAum  ii  made  with  puAe  poAa  hyd/iogen  white 
the  lowen.  ipectAum  ii  obtained  thAough  iubtAaction  0(J  the  poAa  ipectAum  ^Aom  a 
ipectAum  with  natuAoL  hydAogen  175%  oAthol  . 


Dissociation  of  Products  of  Electron  Capture 


703 


5.  ORIENTATIONAL  OSCILLATIONS 

The  tneasured  anisotropy  of  the  DCE  (13)  of  H2  will  not  be  discussed  in  this 
progress  report  except  for  one  extraordinary  feature:  the  orientational  oscil¬ 
lations,  which  are  just  visible  in  the  overall  spectrum  of  fig.  3,  on  the  low 
energy  tails  of  the  vibrational  peaks  of  process  "c".  These  oscillations  are 
not  due  to  an  experimental  artifact,  they  differ  with  the  target  gas  chosen  and 
are  best  seen  with  a  Cs  target.  As  expected  for  an  interference  effect  the  fre¬ 
quency  of  the  peaks  is  observed  to  depend  on  the  collision  velocity  as  1/v.  It 
seems  obvious  to  describe  the  oscillations  to  process  "c",  also  because  they 
appeared  even  stronger  on  the  v  =  0  tail  when  the  "background"  of  other  proces¬ 
ses  around  c  =  7  eV  was  removed  by  using  a  vibrational ly  selected  v  =  0  beam.  In 
this  explanation,  however,  one  runs  into  a  paradox. 

As  explained  in  section  4.1  the  low  energy  tails  of  the  vibrational  peaks  of 
process  "c"  are  formed  by  predissociations  occurring  after  the  collision  cham¬ 
ber  of  especially  the  lowest  rotational  level  (N=  1)  which  has  the  longest  life¬ 
time.  Certainly  these  molecules  will  be  in  a  well  defined  quantum  mechanical 
eigenstate  in  which  the  orientational  distribution  of  the  internuclear  axis  is 
described  by  low  order  spherical  harmonics.  A  distribution  with  at  least  3  ma¬ 
xima  (at  29,  50  and  66  degrees  at  5  keV)  as  observed,  is  impossible  in  these 
eigenstates.  If  the  charge  exchange  transition  produces  an  oscillatory  orienta¬ 
tional  distribution,  the  dissociation  has  to  be  immediate  or  very  high  rotatio¬ 
nal  levels  have  to  be  populated  in  a  predissociative  state  to  make  the  distribu¬ 
tion  (or  one  of  comparable  complexity  in  the  last  case)  observable. 
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PHOTODISSOGIATION  AND  PHOTOIONIZATION  IN  TRIPLET  MOLECULAR  HYDROGEN 
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A  progress  report  on  recent  studies  of  dissociation  and  ionization  pro¬ 
cesses  in  triplet  molecular  hydrogen  Is  given  with  specific  emphasis  on 
experiments  in  fast  molecular  beams  of  H2C^n|j  using  photofragment  and 
photoionization  spectroscopy* 

INTRODUCTLON 

Using  raetastable  molecular  hydrogen  as  an  example,  we  describe  three  novel 
experiments  in  which  fast  beams  of  neutral  molecules  have  been  employed  to 
study  interactions  of  excited  molecules  with  their  dissociation  and  autoioni¬ 
zation  continua*  We  discuss  the  background  of  raetastable  molecular  hydrogen, 
its  application  to  fast-beam  experiments  and  excitation  studies  of  high-lying 
dissociative,  autolonlzed,  and  f leld-lonlzed  states  of  triplet  hydrogen. 


HETASTABLE  MOLECULAR  HYDROGEN 


The  partial  roetastablllty  of  H2  was  first  detected  by  Llchten*  in  a 

molecular  beam  magnetic  resonance  device  using  RF  resonance  spectroscopy.  The 
decay  mechanisms,  lifetimes,  fine  structure,  and  hyperfine  structure  of  the 
c-state  have  been  subject  of  numerous  experimental  and  theoretical  investiga¬ 
tions.^*'^^  The  bound  c-state  correlates  to  the  first  excited  state  dlssocia- 
tion  limit  and  lies  In  the  continuum  of  the  repulsive  b  state,  the  lowest 
electronic  triplet  state  of  H2. 

Rotational  coupling  connects  the  2pit  orbital  of  the  c-state  with  the  2po 
orbital  of  the  b-state,  giving  rise  to  predissociation.  The  doubly  degenerate 
fT  state  consists  of  two  components  with  parities  (-1)*^  and  (-1)^'*'^  respec¬ 
tively,  where  N  is  the  total  orbital  and  rotational  angular  momentum  quantum 
nu  'er.^^  The  b-state  on  the  other  hand,  being  has  only  levels  with 
parity  (-1)*'*,  In  predissoclatlon  both  N  and  parity  are  conserved.  Hence, 
only  tlie  component  of  the  fl  state  with  parity  (-1)”  succumbs  to  rotational 

Q  1  A 

coupling  to  the  b-state.  This  predissociation  is  observed^  and  calculated 
to  be  rapid  (6ns  for  v-0).  The  component  of  the  fl  state  with  parity 
remains  unaffected  by  this  predissociation  and  is  long  lived. ^  With  respect 
to  reflection  in  a  plane  containing  the  rotating  nuclei  the  electronic  wave- 
function  of  the  metastable  component  of  the  IT  state  behaves  antisymmetrically 
and  may  therefore  be  designated  as  II 

The  parity  argument  above  is  closely  related  to  the  nuclear  exchange 


restrictions  that  appear  in  the  horaonuclear  case.  For  the  normal  hydrogen 
isotope  the  c^n^”  rotational  levels  exist  alternatively  in  either  parahydrogen 
(even  N)  or  orthohydrogen  (odd  N).  The  nuclear  exchange  operation  on  is 
equivalent  to  a  parity  operation  (in  the  laboratory  frame)  followed  by  an 


706 


H.  Helm 


inversion  of  the  electron  coordinates  in  the  molecule  fixed  frame*  Due  to  the 
ungerade  character  of  the  c-state  the  latter  is  antisymmetric.  Hence  rota¬ 
tional  levels  of  with  even  N  are  symmetric  with  respect  to  an  exchange 

of  the  nuclei,  while  levels  with  N  odd  are  antisymmetric.  As  a  result  the 

metastable  c^fL  "  state  exists  in  orthohydrogen  for  only  odd  values  of  N  and  in 

12 

parahydrogen  for  only  even  values  of  N. 

In  its  lowest  vibrational  level  the  c^fl^  state  can  only  decay  by  magnetic 
dipole  and  electric  quadrupole  radiation  with  a  calculated  lifetime^  of  1.76 
ms.  However,  vibrationally  excited  levels  in  the  c-state  lie  energetically 
above  the  v=0  level  of  Che  state  and  electric  dipole  transitions  c  a 

which  lie  in  the  far  infrared,  lead  to  lifetimes^  of  the  order  of  100  ps  for 

v>0  levels  of 

Owing  to  its  long  lifetime,  high  excitation  energy  (l2eV)  and  ease  of 
formation  in  near  resonant  charge  transfer  the  state  offers  itself  as  a 

favorable  lower  state  in  excitation  studies  of  high  lying  Rydberg  states  of 
H2  as  will  be  shown  below. 


FAST  tttAM  SFKCTROSCOFY 

The  virtues  of  spectroscopy  in  fast  beams  of  charged  and  neutral  molecules 

are  associated  with  the  possibility  of  the  precise  definition  of  the  molecular 

1  “X 

species  under  study  and  the  reduction  of  inhomogeneous  broadening.  The 
former  is  related  to  the  fact  that  a  fast  molecular  ion  beam  can  be  mass 
selected  and,  if  a  neutral  beam  is  required,  neutralized  in  a  suitable  charge 
transfer  gas.  This  seemingly  complex  way  of  preparing  Che  sample  molecule 
offers  the  possibility  of  selectively  preparing  molecules  in  states  other  than 
the  ground  electronic  state,  in  non-statistlcal  vibrational  distributions,  or 
radicals  purified  from  their  chemical  precursors  or  reaction  products.  In 
what  follows  we  describe  how  this  scheme  Is  accomplished  for  metastable  molec¬ 
ular  tiydrogen  in  Che  triplet  state  using  the  apparatus  shown  in  Figure  1, 

Electron  impact  ionization  of  H2  in  a  low  pressure  ion  source  forms  H2^, 
populated  over  a  wide  range  of  vibrational  levels.  This  broad  distribution 
reflects  the  unequal  equilibrium  internuclear  separations  of  ground  state  H2 
and  H2^,  since  Franck-Condon  arguments  determine  the  ionization  event.  For 
spectroscopic  studies  of  neutral  molecular  hydrogen  this  Ion  beam  can  be  neu¬ 
tralized  in  a  charge  transfer  cell.  If  alkalis  are  used^  as  charge-transfer 
agent  a  dominant  product  in  the  charge  transfer  process  is  the  near  resonant 
formation  of  H2  c'riy.  Again  Franck-Condon  factors  Influence  the  reaction  and 
since  H2^  is  prepared  in  a  wide  range  of  vibrational  levels  by  electron 
Impact,  so  is  the  resultant  neutral  state.  Also,  since  little  momentum  Is 
transferred  by  the  exchanged  electron,  a  neutral  beam  with  qualities  compar¬ 
able  to  the  primary  ion  beam  results  particularly  in  the  case  of  near  reso¬ 
nance.  This  beam  can  now  be  purged  of  residual  ions  and  apertured  to  suppress 
dissociative  charge-transfer  products  which  appear  with  a  near  Isotropic 
angular  distribution.  In  this  manner  a  fast  beam  of  typically  10^  molecules 
per  second  travelling  at  speeds  of  the  order  of  ,1%  of  the  speed  of  light  can 
be  prepared.  Note  that  the  density  In  this  beam  is  equivalent  to  a  pressure 
of  Torr.  Nevertheless  laser  spectroscopy  is  readily  performed  with  such 

beams . 

An  Intrinsic  second  advantage  of  spectroscopy  In  a  fast  beam  lies  tn  the 
dramatic  reduction  in  the  Inhomogeneous  broadening  of  optical  transitions. 

When  an  ion  cloud  is  accelerated  to  high  energy  a  compression  of  relative 
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FIGURE  1  SRI  Coaxial  Laser-Neutral  Beam  Spectrometer. 


velocities  occurs  when  viewing  the  beam  coaxially.  If  the  angular  spread  of 
Che  ton  beam  is  kept  low  by  proper  ion-optical  focussing  the  residual  spread 
of  relative  velocities  in  the  beam  Is  ^  C'‘»mnle  at  a  few 

degrees  Kelvin.  For  the  metastable  hydrogen  beam  formed  in  the  apparatus 
shown  in  Figure  I  we  have  observed^^  a  residual  Doppler  spread » 

6\/\  <  2xU)*^.  However,  when  viewing  the  beam  coaxially,  a  significant 
coaxial  Uoppler  shift  arises  which  is  readily  calculated. 

A  third  beneficial  property  of  the  fast  beam  can  be  employed  in  the  study 
of  dynamic  processes  of  molecules  that  are  Induced  by  photoexcitation.  This 
advantage  derives  from  Che  fact  that  the  center-of-mass  of  the  products  of  a 
process  such  as  dissociation,  autoionization,  lon-palr  formation  or  detachment 
retains,  but  for  a  negligible  photon  recoil,  the  velocity  of  Che  parent. 

Since  Che  parent  Is  fast  at  keV  energies,  efficient  single-particle  detection 
techniques  can  be  employed  to  monitor  the  reaction  products  and  measure  their 
translational  energy,  thus  enabling  to  monitor  single-molecule  processes.  The 
application  of  fast  beams  to  photof ragraent  spectroscopy  and  photolonlzatlon  of 
neutral  molecules  Is  very  recent,  and  is  still  in  a  developmental  stage,  but 
has  high  promise.  In  what  follows  we  describe  this  new  technique  for  the 
example  of  metastable  hydrogen  molecules. 


PHOTODISSOCIATION 

A  novel  approach  to  the  study  of  dissociative  processes  In  fast  neutral 
beams  has  become  possible  with  an  Ingeneous  time-  and  position-sensitive 
detector  which  has  been  developed  at  FOM.^^  For  photodissociation  studies  the 
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fast  beam  of  excited  neutral  molecules  is  crossed  with  a  tunable  dye-laser  In 
a  crossed  beam  configuration  and  the  resulting  photofragments  are  detected 
with  a  time-  and  position-sensitive  detector,  which  allows  the  measurement  of 
the  momentum  distribution  of  fragment  pairs  arising  from  a  single  dissociation 
event. A,  schematic  diagram  of  this  experimental  arrangement  is  shown  in 
Figure  2.  The  fast  neutral  beam  is  crossed  with  the  Intracavlty  beam  of  a  cw 
dye  laser  and  then  stopped  in  a  V-shaped  beam  flag  which  shadows  the  Inactive 
portion  of  the  detector.  The  flight  path  from  the  photon  Interaction  region 
to  the  detector  Is  of  the  order  of  150  cm. 


FIGURE  2  Schematic  Olagram  of  the  FOM  Neutral-Beam  Photofragment  Spectrometer 
with  Time-  and  Position-Sensitive  Detector. 


The  multichannel  plate  detector  consists  of  two  opposing  sectors  of  opening 
angle  20  which  allow  separate  detection  of  the  two  photofragments  produced  in 
a  single  photodlssoclatlon  event.  The  detector  and  its  associated  electronics 
permit  the  measuremeat  of  the  spatial  separation,  R,  of  the  two  fragments  at 
the  channel-plate  surface  with  a  precision  of  typically  70  p  m  by  measurement 
of  the  center  of  charge  of  each  electron  cloud  emitted  by  the  channel  plates 
with  a  multlanode  system  using  the  charge  division  method. The  flight-time 
difference  between  these  two  fragments  can  be  measured  with  a  precision  of 
500  ps  with  the  fast  current  pulse  Induced  In  the  supply  lines  to  the  output 
face  of  the  channel  plates  when  a  particle  Is  detected. 

By  tuning  the  laser  and  monitoring  the  coincidence  count  rate  at  the  detec¬ 
tor  we  may  obtain  absorption  spectra  of  transitions  In  the  neutral  beam  which 
lead  to  photodlssoclatlon.  At  an  Intracavlty  power  of  20  W  (multimode)  count¬ 
ing  rates  of  typically  10^  fragment  palrs/s  are  obtained  on  strong  transitions 
In  the  3d*-2p  systems  of  H2  if  a  primary  beaia  current  of  10  ^®A  of  H2^  Is 
charge-exchanged  In  a  1  cm  long  cell  of  10”^  Tort  of  Rb.  Space-and  time- 
resolved  spectra  of  photofragments  can  then  be  recorded  with  the  dye-laser  set 
to  an  absorption  transition.  If  the  dissociation  Is  Instantaneous ,  on  a  time 
scale  short  compared  to  the  flight  time  between  the  excitation  region  and  the 
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detector,  the  time  and  spatial  coordinates  of  the  fragment  pair  carry  all  the 
information  required  to  calculate  the  center-of-mass  angle  and  energy  under 
which  the  fragment  pair  emerges  from  the  dissociation  event. 

Here  we  are  primarily  concerned  with  the  energy  release  in  the  c.m. 
frame.  It  can  be  obtained  from  fragment  pairs  which  appear  coincident  in  time 
at  the  two  detector  halves.  Such  fragments  are  formed  when  dissociation 
occurs  very  nearly  perpendicular  to  the  molecular  beam  axis.  Under  these 
conditions  the  c.m.  separation  energy,  W,  is  related  to  the  measured  spatial 
separation  of  photof ragraents,  R,  by  the  equation 

W  =  Eo(R/L)^ 

where  Eq  is  the  parent-beam  energy  and  L  is  the  distance  from  the  photon 
interaction  region  to  the  detector. 
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FIGURE  3  Photofragment  Kinetic- 
energy  Spectra  Observed  in  Photo- 
dlssoclatlon  of  H2 


Figure  3  shows  three  spatial  spectra  of  correlated  fragment  pairs,  H  +  H, 
which  Illustrate  three  different  mechanisms  of  photodlssoclatlon  which  we  have 
observed  for  the  H2  state. 

(1)  Bound-bound  excitation  followed  by  radiative  dissociation. 

The  excitation  of  bound  triplet  gerade  states  from  c^I^  gives  rise  to 
radiatlon^^  into  the  continuum  of  the  b^f^  state.  As  an  example,  excitation 
of  a  single  rovlbratlonal  level  In  the  state  will  give  rise  to  a 

continuum  distribution  of  photofragment  energies  which  reflects  the  overlap  of 
the  bound-state  vibrational  wave  function  with  the  continuum  wavefunctlon  of 
the  b^?:^  state  (see  Figure  4). 
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A  number  of  such  bound-bound-f ree 


transitions  were 


observed 


16 


belonging 


to 


INTERNUCLEAR  SEPARATION  lA) 


FIGURE  4 

Bound  Free  Radiation 
of  Excited  State 


FIGURE  5 

Dissociation  by  Tunneling 
of  Excited  State 


3  3  3+3  3  3  3+3 

tlie  in  •«*cn,gE  •«*cn»iA  •«*cn  and  h  Z  c  fl  systems.  Figure 
g  u*®g  u  g  u  g  u  ® 

3a  shows  an  example  oc  the  continuous  fragment-energy  distribution  which  Is 

obtained  when  we  pump  the  Rl  line  of  the  i*- c  transition  In  the  (3»3)  band. 
The  measured  energy  distribution  represents  the  lower-energy  portion  of  the 
total  distribution  produced,  fragments  with  separation  energies  >  1.25  eV 
falling  outside  the  current  detection  geometry  and  time  window.  The  small 
structure  which  appears  In  the  continuum  energy  distribution  In  Figure  3a 
arises  from  an  underlying  bound-free  photodlssoclatlon  which  Is  discussed 
below. 


(2)  Bound-quaslbound  excitation  followed  by  predissociation. 

3  3  + 

The  i  n  and  h-^r  states  correlate  to  the  energetically  higher  lying  3p  and 

o  o 

3s  united  atom  limits.  Thi?  correlation  leads  to  initially  repulsive  elec¬ 
tronic  states,  the  repulsion  being  overcome  by  the  Rydberg  character  imposed 
by  the  core  at  molecular  distances.  As  a  result  these  states  develop 
Intrinsic  barriers  In  their  potential  energy  curves  which  can  support  quasi¬ 
bound  vibrational  levels  lying  above  the  asymptotic  dissociation  limit  H(ls)  + 
H(2i)  (Fig.  5).  These  quasibound  levels  can  decay  by  tunneling  through  the 
potential  barrier.  We  observed  several  transitions  to  quasibound  levels  which 
we  have  assigned  to  the  (4,4)  and  (5,5)  bands  of  the  i^c  system. Figure 
3b  shows  as  an  example  the  kinetic-energy  spectrum  of  photofragments  produced 
by  pumping  the  Rl  line  of  the  (4,4)  band  (W  160  meV). 

In  addition  to  predissociation  by  barrier  tunneling  predissociation  by 

rotational  coupling  to  the  continuum  of  a  lower  electronic  state  has  been 
3  18 

observed  for  the  j  ^ state.  Figure  6  shows  the  dissociative  path  for  this 
case  at  the  example  of  v*6. 

(3)  Bound-free  photodlssoclatlon. 

Underlying  the  discrete  photodlssoclatlon  spectrum  a  continuous  background 
of  laser-induced  dissociation  was  observed  which  arises  from  bound-free 
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photodlssoclatlon.  At  a  fixed  laser  wavelength,  bound-free  transitions  pro¬ 
duce  photof ragraents  at  discrete  energies,  W  *  hv-  where  Is  the 

dissociation  energy  of  the  rovlbratlonal  level  with  quantum  numbers  v,N  from 
which  the  optical  absorption  occurs  (see  Figure  7).  Bound-free  photodlssocla- 
tion  at  fixed  wavelength  leads  to  fragment  energy  distributions  that  reflect 
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FIGURE  6 

PredLssoclatlon  of  Excited  State 


INTERNUCLEAR  SEPARATION  (A) 


FIGURE  7 

Direct  Photodlssoclatlon 


directly  the  lower-state  rotational  and  vibrational  spacings»  Because  of  the 
very  high  energy  resolution  of  the  time  and  position-sensitive  detector  we 
ware  able  to  resolve  this  distribution  experimentally.  Figure  3c  shows  such 
an  energy  distribution  obtained  at  a  fixed  frequency  near  16480  cm”^,  where  no 
noticeable  peak  occurs  in  the  absorption  spectrum.  As  Indicated  In  this 
figure,  bound-free  transitions  are  observed  from  Che  vibrational  levels  v”  » 

5,  6,  7,  and  8  of  the  state,  with  individual  rotational  levels  being 

resolved  In  the  kinetic-energy  spectrum.  The  intensity  distribution  over  the 
Individual  rovlbratlonal  bound-free  transitions  which  appear  In  the  kinetic 
energy  spectcm  reflects  Che  population  In  the  lower-state  levels  multiplied 
by  Che  v-  and  N-dependent  photodlssoclatlon  cross  section.  The  3:1  intensity 
alternaclon  levels  belonging  to  ortho  and  parahydrogen  respectively  Is  clearly 
apparent  from  the  spectrum  In  Fig.  3c. 

Note  that  the  upper  state  Involved  In  the  direct  photodlssoclatlon  from 
v"  =  8,  and  9  of  the  c-state  lies  at  energies  above  the  H2^(v=0)  ionization 
limit.  However,  in  Che  visible  wavelength  range  Investigated  here,  Ionization 
was  not  observed  to  be  a  measurable  competitor  to  the  dissociative  path  due  to 
the  unfavorable  overlap  between  the  continuum  wavefunctlon  of  the  dissociative 
channel  with  the  vibrational  wavefunctlon  of  the  lowest  bound  vibrational 
level  of  H2^* 

The  data  in  Figure  3  demonstrate  that  a  time  and  position  sensitive  detec¬ 
tor  extends  the  capabilities  of  fast-beam  photof ragraent  spectroscopy^^  to 
neutral  molecules,  permitting  very  high  resolution,  at  the  level  of  raeV,  In 
the  translational  energy  of  neutral  fragments.  The  detection  arrangement 
necessarily  requires  a  crossed  laser-neutral  beam  configuration.  For  such  a 
conf iguratlon  the  ultimate  0| tlcal  apparatus  resolution  Is  determined  by  the 
angular  divergence  of  the  fast  neutral  beam  and  the  precision  at  which  the 
laser  and  neutral  beam  can  be  held  perpendicular.  For  a  neutral  beam 
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divergence  of  I  mrad  the  residual  Doppler  broadening  for  perfect  perpendicular 
alignment  amounts  to  3  GHz  at  7.5  keV  beam  energy  and  6000  A. 

The  intrinsic  high  optical  resolution  of  a  fast  beam  can  more  easily  be 
exploited  in  the  coaxial  configuration  (see  Figure  1)  Chough  at  the  expense  of 
simultaneous  determination  of  the  translational  energy  of  neutral  fragments. 


FIGURE  8  Low-Resolution  PhoCodlssoclaCion  Spectrum  of  H2 


Figure  8  gives  a  low-resolution  absorption  spectrum  from  the  c-state  which 
leads  to  photodissociaclon  in  the  visible  wavelength  range,  obtained  in  the 
coaxial  configuration^^  shown  in  Figure  1.  Here  only  a  small  portion  of 
phoCofragments  are  detected,  namely  those  which  happen  to  fall  into  the  solid 
angle  seen  by  the  off-axis  channelcron.  The  low  efficiency  of  the  small  solid 
angle  is  compensated  for  by  the  fact  that  the  photon  interaction  region  is  now 
100  cm  long.  Using  a  single  frequency  laser,  an  optical  resolution  of  80  MHz 
was  achieved  in  this  configuration.  This  is  Illustrated  in  Figure  9  which 
gives  a  high  resolution  spectrum  of  the  of  the  Q(l)  line  of  the  (2,2)  band  of 
the  system  at  6134.28  A.  The  observed  splitting  of  this  line 

arises  from  the  fine-structure  and  the  hyperf ine-structure  in  the  c  and  g 
states. It  should  be  noted  however  that  the  resolution  achieved  in  our  fast 
beam  so  far  is  lower  than  that  obtained  by  Llchten,  Wlk  and  Miller^^  in  a 
crossed  laser-thermal  beam  study  of  the  lowest  triplet  states  of  H2 
(35-50  MHz). 

The  photodissoclatlon  studies  described  here  can  naturally  be  extended  to 
probe  the  higher  n  members  of  the  triplet  Rydberg  series  by  using  shorter 
wavelength  excitation.  For  the  higher  n  members  at  least  one  additional  decay 
path  opens,  namely  autolonizatlon.  In  principle  also  ion-pair  formation  into 


Triplet  Molecular  Hydrogen 


713 


+  ir  might  occur  via  apln-orblt  coupling  of  the  triplet  Rydberg  states  to 
the  terms. 


LASER  DETUNING  IGHrl 
FIGURE  9 

High-resolution  photodissociation  spectrum  near  6134.28  A. 

The  Q(1)  transition  of  the  (2,2)  band  of  the  g  c  system  is  shown  at  an 
apparatus  resolution  of  0.1  GHz  (0.003  cm"').  Fine  and  hyperfine  structure  is 
resolved.  The  excited  state  radiates  to  the  H2b^  2*  state,  which  dissociates 
into  H(  1  s)  +  H(  1  s) . 


PHOTOION  12 ATION 

Using  the  experimental  setup  shown  In  Figure  I  we  have  obtained  the  excita¬ 
tion  spectrum  of  high  lying  Rydberg  states  by  detecting  the  appearance  of  H,'*’ 
formed  in  autolonlzat Ion  and  f leld-lonlzation.^*'  In  these  experiments,  the 
molecules  are  excited  In  the  100  cm  long  field-free  drift  region  (see  Fig.  1), 
by  a  colllnear  dye  laser  beam.  The  dye  laser  operates  at  10  Hz  and  has  an 
energy  of  typically  50|il/pulse  after  frequency  doubling.  The  5  ns  pulses  have 
a  spectral  width  of  1  cm"^  (.1  cm"^)  In  the  low  (medium)  resolution  mode. 

Ionizing  states  are  detected  by  separating  the  product  H2^  ions  from  the 
parent  neutral  beam  Into  a  channeltron  using  the  electrostatic  quadrupole 
deflector  at  the  end  of  the  beam  line  In  Fig.  1.  The  channeltron  output  Is 
shaped  Into  10  ns  long  pulses  and  counted  with  a  gated  scaler.  The  gate  Is 
opened  200  ns  following  the  dye  laser  pulse  and  closed  after  3  ps  (correspond¬ 
ing  to  the  flight  time  of  I  keV  molecules  over  a  distance  of  100  cm)  ensur¬ 
ing  that  only  molecules  excited  In  the  field  free  region  of  the  apparatus  are 
detected.  In  the  absence  of  the  laser,  there  are  practically  no  H2^  counts 
(<10"^  counts/gate  width),  while  the  maximum  observed  count  rate  for  the 
strong  transitions  Is  up  to  10  counts/laser  pulse,  corresponding  to  a  count 
rate  of  4  MHz. 
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A  typical  photoionization  spectrum  observed  by  scanning  the  dye  laser  with 
1  cm~^  linewldth,  from  3360  to  3550  A  is  shown  in  Figure  10.  The  photolon 
signal  shows  contributions  from  direct  photoionization,  vibrational  autoloni- 
zatlon,  and  f ield-lonlzatlon.  The  threshold  for  direct  photoionization  (in 
Av  *  0  transitions,  where  Av=v*-v**)  from  the  N”*!,  v’‘a0  level  of  the  c-state 
lies  at  3386  A,  decreasing  to  3480  A  for  the  N"*l,  v"*6  level.  The  gradual 
Increase  in  the  continuous  portion  of  the  spectrum  in  Figure  10  with  decreas¬ 
ing  wavelength  reflects  the  consecutive  opening  of  continuum  channel  for  the 
individual  vibrational  levels  of  the  c-state.  At  wavelengths  shorter  than 
3400  A  the  continuum  background  appears  constant,  reflecting  the  wavelength 
independence  of  the  direct  photoionization  cross  section  near  threshold. 
Superimposed  on  this  background  roughly  one  thousand  discrete  peaks  occur, 
their  llnewldths  apparently  being  limited  by  the  laser  bandwidth  (1  era  ^).  At 
wavelengths  longer  than  the  v*0,  direct-ionization  threshold,  these  peaks 
correspond  to  the  Av*0  excitation  of  the  vlbratlonally  autolonlzing  Rydberg 


wavelength  IA) 


FIGURE  10 

Low  Resolution  Photolonlzatlon  Spectrum 


series  converging  to  vibrationally  excited  levels,  v  >1,  of  the  core,  A 
smaller  number  and  less  intense  series  of  discrete  transitions  which  populate 
vibrationally  autolonizlng  levels  in  Av^  transitions  are  dispersed  over  the 
entire  wavelength  range  covered.  Finally,  the  group  of  Intense  discrete  peaks 
near  3400  A  arise  from  the  field  Ionization  of  Rydberg  series  converging  to 
the  lowest  vibrationally  level  of  the  H2'*’  core.  The  field  ionization  is 
accomplished  In  the  2kV/cm  field  region  of  the  electrostatic  deflector 
employed  to  separate  the  H2^  ions  from  the  H2  beam,  (see  Fig.  1). 

A  portion  of  the  ionization  spectrum  is  shown  under  increased  resolution  in 
20 

Figure  11.  We  have  found*^  that  the  general  appearance  of  the  experimental 
spectrum  is  reproduced  in  calculations  which  use  a  non-interacting  single 
channel  Rydberg  electron  model.  Significant  shifts  from  the  calculated  level 
positions  appear  at  high  resolution.  In  the  light  of  the  simplicity  of  the 
model  calculation  these  differences  are  however  not  unexpected.  It  should  be 
noted  in  the  experimental  spectra  of  Figure  11  that  all  peaks  display  a 
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splitting  at  the  level  of  0.2  cm”^.  This  splitting  is  due  Co  the  fine- 
structure  splitting^  of  the  c-staCe  levels. 


29410  29416  29422  29428  29434  29440 

PHOTON  ENERGY  (cm'h 


o 

FIGUKt  11  Medium-Resolution  Ionization  Spectrum  near  3400  A. 
The  top  trace  gives  the  low  resolution  spectrum. 


CONCLUSION 

The  experiments  described  here  demonstrate  that  a  time  and  position  sensi¬ 
tive  detector  can  be  used  in  photoEragment  spectroscopy  in  a  fast  molecular 
beam,  allowing  high  resolution  translational  spectroscopy  on  electronic  states 
that  are  coupled  to  the  dissociation  continuum.  With  this  device  we  are  able 
to  investigate  bound,  quasibound  and  continuum  states  of  H2  in  the  vicinity  of 
its  dissociation  limit  H(ls)  +  H  (21,).  The  same  states  were  investigated 
under  high  optical  resolution  using  a  coaxial  laser-fast  neutral  beam  configu¬ 
ration.  These  experiments  revealed  fine  and  hyperfine  structure  in  some 
dissociative  transitions,  proving  that  for  H2^  on  Cs  a  very  monoenergetlc 
metastable  neutral  beam  is  formed  in  charge  transfer.  The  coaxial 
configuration  was  also  used  in  conjunction  with  a  pulsed  laser  and  permitted  a 
first  high  resolution  study  of  photolonlzatlon  processes  of  the  triplet  H2 
molecule.  The  coaxial  fast  beam  spectrometer  at  SRI  has  since  been  used 
successfully  in  excitation  studies  of  raetastable  and  N2  molecules. 
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The  quantum  mechanical  time-independent  theory  of  molecular  photodissociation 
is  presented.  Exact  numerical  as  well  as  approximate  methods  are  discussed. 
The  theory  provides  state-to-state  photodissociation  probabilities  and  it 
addresses  to  the  following  questions:  1)  what  factors  determine  the  energy 
and  momentum  disposal  in  the  fragments,  2)  what  is  the  effect  of  the  dyna¬ 
mics  (final  state  interactions)  on  the  lineshapes  and  final  distributions. 


1.  INTRODUCTION 


Motivation  for  theory  of  photodissociation  dynamics  in  polyatomic  molecules 
arises  for  several  reasons: 

a)  Molecular  photofragmentation  in  an  isolated  molecule  is  a  basic  reactive 
process  which  constitutes  one  of  the  primary  steps  in  a  large  number  of  photo¬ 
chemical  phenomena.  Knowledge  of  the  dissociation  products  and  their  detailed 
energy  distributions  is  extremely  important  in  order  to  understand  the  reactions 
in  which  they  may  participate  in  subsequent  collisions. 

b)  It  provides  a  mean  for  studying  molecular  dynamics  on  excited  potential 
energy  surfaces  (1,2).  In  particular,  it  allows  the  study  of  electronic  non- 
adiabatic  interactions  in  half-collisions  (3). 

c)  It  also  provides  a  means  for  relating  features  of  the  potential  energy  sur¬ 
faces  (steepness,  anisotropy,  etc.)  to  the  experimentally  measured  observables. 

The  detailed  theoretical  description  of  photodissociation  in  a  diatomic  mole¬ 
cule  is  relatively  simple  if  only  a  single  repulsive  potential  energy  surface  is 
involved.  However,  this  is  very  often  not  the  case  and  many  questions  concerning 
non-adiabatic  interactions  (3)  in  the  photodissociation  of  diatomic  molecules  are 
still  under  investigation  (4).  On  the  other  hand,  the  few  degrees  of  freedom  of 
diatomic  molecules  usually  allow  a  complete  quantum  mechanical  calculation  to  be 
performed  if  the  relevant  potential  energy  curves  and  couplings  are  known. 

Consider,  on  the  contrary,  the  photodissociation  of  a  polyatomic  molecule. 

Even  if  the  potential  energy  surfaces  and  couplings  were  known,  the  problem  is 
almost  intractable  numerically  because  of  the  many  degrees  of  freedom  (in  parti- 
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cular  rotations)  which  participate  in  the  dynamics.  This  was  the  main  reason 
why  for  many  years  quantum  mechanical  calculations  were  restricted  to  col  linear 
triatomic  molecules  in  which  rotations  and  bending  degrees  of  freedom  were  ne¬ 
glected  (5).  Only  recently,  approximate  (6-8)  and  exact  (9-16)  quantum  mechani¬ 
cal  calculations  in  3-dimensions  have  started  to  emerge. 


2.  GENERAL  THEORY 

The  quantum  mechanical  partial  cross  section  for  photofragmentation  from  a 
well-defined  initially  bound  state  |i'^>  to  a  well-defined  final  dissociative 
state  being  the  relative  kinetic  energy  of  the  fragments  in  the  channel 

f,  is  given  by: 

°i->fE  " 


where  v  is  the  dipole  moment  operator  and  e  is  the  light  polarization  vector. 

Eq.  (1)  is  not  restricted  to  direct  photodissociation  or  to  only  one  dissocia¬ 
tive  surface,  and  can  also  be  applied  to  predissociation  or  to  more  complex 
cases  (17). 

In  the  case  of  slow  predissociation,  however,  it  is  possible  to  express  Eq. 

(1)  in  terms  of  a  Lorentzian  lineshape.  Slow  predissociation  corresponds  to  a 
lifetime  much  longer  than  a  vibrational  period.  In  that  case,  it  is  possible 
to  separate  the  photon  excitation  of  the  intermediate  bound  state  ,  from  the 
decay  of  into  the  continuum  states.  The  partial  rate  for  predissociation  will 
then  be  given  by  the  well  known  Golden  Rule  expression; 


S-^f  £ 


(2) 


where  X  is  the  interaction  operator  inducing  the  predissociation  (spin-orbit 
interaction,  for  instance).  The  total  rate  will  be  given  by  the  sum  of  the  in¬ 
dividual  rates  calculated  by  Eq.  (2)  over  all  possible  final  channels  f.  Its 
value  in  energy  units  will  correspond  to  the  half-width  of  the  Lorentzian  line- 
shape  at  half-maximum  (HWHM). 

There  is  a  striking  similarity  between  Eqs.  (1)  and  (2).  Both  involve  the 
calculation  of  the  matrix  elements  of  an  interaction  operator  (the  radiation 
and  matter  coupling  in  the  case  of  Eq.  (1),  and  the  intramolecular  coupling  X 
in  the  case  of  Eq.  (2)),  between  a  bound  and  a  continuum  wavefunction .  Very 
often  the  Condon  approximation  is  invoked  implying  that  the  operators  are  slowly 
varying  functions  of  the  internuclear  distances.  In  that  case  both  Eqs.  (1)  and 
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(?)  reduce  to  the  calculation  of  a  bound-continuum  overlap  factor,  between  nuclear 
ro-vibrational  wavefunctions  for  the  initial  and  final  states. 

The  rigorous  calculation  of  those  matrix  elements  (or  eventually  overlaps)  for 
a  polyatomic  molecule  is  only  possible  through  a  numerical  solution  of  the 
Schrodinger  equation,  usually  by  the  integration  of  coupled  equations.  Several 
approximate  solutions  can  also  be  implemented:  distorted-wave  diabatic  (5)  and 
adiabatic  (18),  local  basis  sets  (19,  20),  half-collision  (21)  and  sudden  (8) 
approximations.  All  these  treatments  have  in  common  that  the  wave  function  for 
the  continuum  state  is  constructed  as  a  product  of  a  function  depending  on  the 
internal  degrees  of  freedom  of  the  fragments  and  a  function  describing  the  trans¬ 
lational  motion  along  the  dissociative  coordinate  (or  the  reaction  path).  This 
amounts  to  decouple  the  motion  al.,‘g  the  dissociation  coordinate  from  the  inter¬ 
nal  motion  of  the  fragments.  The  neglected  couplings  are  referred  to  as  "^^inal 
state  interactions". 

In  order  to  write  the  rigorous  coupled  equations,  first  we  consider  a  general 
photodissociation  process  AB  +  hv  -*■  A  +  B,  where  A  and  B  can  be  atoms  or  mole¬ 
cules.  The  coordinate  system  which  is  usually  chosen  in  the  calculations  is  the 
Jacobi  dissociation  one:  the  internuclear  distance  between  the  two  center  of  mass 
of  the  fragments,  S,  and  a  collection  or  internal  coordinates,  r,  describing  the 
fragments  A  and  B  and  their  orientations  with  respect  to  ^  (body-fixed  system  of 
coordinates).  We  shall  describe  the  total  wavefunctions  as  linear  combinations 
of  appropriate  basis  functions  describing  the  internal  motion  of  A  and  B  at 
R  and  the  rotation  of  the  R  axis.  This  basis  set  is  characterized  by  the 
quantum  numbers  vJMfl,  where  J  is  the  total  angular  momentum  quantum  number,  M 
its  projection  on  the  laboratory  z-axis,  Q  its  projection  on  the  R  axis  (the 
body-fixed  axis),  while  v  is  a  collection  of  quantum  numbers  describing  vibra¬ 
tions,  rotations  and  electronic  degrees  of  freedom  of  the  fragments.  Expanding 
the  total  wavefunction  in  terms  of  this  basis  set: 

-1 

l‘f'>  =  R  I  (3) 

V'.l  ‘ 

and  introducing  into  the  Schrodinger  equation  Hf  =  Ef  ,  one  gets  the  familiar 
coupled  equations: 

'  1 

-—  +  <vJMn|  (V  +  -^r)  |vJMK>  +  E,^  -  E  $  „(R)  = 

_2u  dR^  2p?  vn  J  vn' 


=  -  X  <vjMn|  (V  + -^)  [V'JMS1'>  ^.o.CR) 
v'Sl'  2uR  ''  “ 


(4) 
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where  V  is  the  interfraoment  interaction  defined  bv  Sf  =  H  -  "ith 

and  Hg  being  the  Hamiltonians  for  the  free  molecules.  Thus  V  goes  to  zero  as 
R  goes  to  infinity.  In  Eq.  (4)  we  have  denoted  by  E^^^  the  asymptotic  internal 
energy  of  the  fragments,  i.e.,  the  eigenvalue  of  +  Hg. 

A  set  of  coupled  equations  have  to  be  solved  for  the  initial  bound  as  well  as 
for  the  final  dissociative  state.  The  matrix  elements  involved  in  Eqs.  (1)  and 
(2)  can  then  be  computed.  Eqs.  (4)  can  ve  solved  by  the  use  of  scattering  inte¬ 
grators  with  the  appropriate  boundary  conditions  (22).  The  first  exact  method 
which  has  been  developed  to  treat  photodissociation  in  polyatomics  was  the  "arti 
ficial  channel  algorithm"  (23,  1).  Other  methods  have  also  been  proposed  (24). 
In  what  follows,  we  shall  provide  two  examples  of  the  application  of  the  "arti¬ 
ficial  channel  method"  to  study  the  role  of  the  anisotropy  of  the  potential 
energy  surface  on  the  final  rotational  distribution  of  the  fragments. 

3.  EXAMPLES 

The  first  example  (11)  is  a  case  of  electronic  predissociation  of  a  triatorn'c 
molecule  and  it  models  the  predissociation  of  the  zero-point  level  of  N^O  (A). 
The  initial  bound  state  A  is  linear  and  predissociation  proceeds  through  spin- 
orbit  coupling  to  a  surface,  the  strength  of  the  interaction  being  estimated 
to  be  of  the  order  of  3  cm"'  (11).  The  predissociation  lifetimes  are  very  long 
compared  with  the  vibrational  and  rotational  periods  and  therefore  Eq.  (2)  is 
valid.  Furthermore,  the  spin-orbit  interaction  can  be  considered  to  be  a  slowly 
varying  function  of  the  nuclear  displacements  and  can  be  taken  out  of  the  matr'ix 
element  in  Eq.  (2). 

The  potential  energy  surface  for  the  final  dissociative  state  was  taken  of 
of  the  form; 

U  =  A  e"“’'  f(0)  +  D  +  1  k  (r  -  rj^  (5) 

2  ® 

with 

f(8)  =  1  -  i  sin^  0  (6) 

2 

-► 

6  being  the  angle  between  the  two  vectors  R  and  r. 

Let  us  consider  the  results  obtained  with  an  anisotropy  parameter  x  =  1-  In 
figure  1  the  partial  rates  for  predissociation  into  different  rotational  states 
of  the  NO  fragment  in  the  v  =  0  vibrational  state,  are  represented.  It  is  seen 
that  the  final  rotational  distribution  is  rather  broad  with  a  maximum  at  j  %  7. 
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FIGURE  1 

Partial  rates  for  predissociation  into  different  rotational  states  of  the  fraq- 
ments.  —  X  =  1.  —  x  =  0. 

As  a  comparison  the  calculation  with  x  =  0  (isotropic  potential)  is  also  pre¬ 
sented  in  fig.  1.  We  notice  that  the  effect  of  the  anisotropy  in  the  final  po¬ 
tential  energy  surface  is  to  shift  the  rotational  distribution  to  larger  j  but 
the  overall  distributions  are  quite  similar.  This  has  been  already  found  in 
other  calculations  (10),  and  seems  to  be  a  general  result  for  dissociative  sur¬ 
faces  which  are  purely  repulsive  such  as  the  one  used  in  this  calculation.  A 
very  different  result  is  expected  for  surfaces  which  present  a  barrier  for  the 
angular  orientation  corresponding  to  the  initial  geometry  of  the  molecule.  Then 
in  order  to  dissociate,  the  molecule  has  to  bend  and  the  fragments  acquire  large 
rotational  excitation.  The  H20{A)  dissociative  continuum  is  a  well  known  case 
of  this  type  and  the  OH  fragments  are  produce  with  very  large  rotational  excita¬ 
tion  (9).  On  the  other  hand  the  first  dissociative  continuum  of  H^O,  which  is 
a  direct  (purely  repulsive)  process  leads  to  rotational ly  cold  OH  fragments  (25). 

The  fact  that  even  without  anisotropy  in  the  final  dissociative  energy  surface 
there  is  a  whole  distribution  of  rotational  states  in  the  fragments  is  well  un¬ 
derstood  and  has  been  extensively  discussed  in  the  literature  (6,  7).  Briefly, 
the  initial  state  has  a  zero  point  bending.  Associated  to  it  is  a  distribution 
of  geometries  around  equilibrium  with  a  width  A9.  After  dissociation  (if  no 
additional  torques  are  exerted  as  in  the  case  x  =  0)  this  initial  state  projects 


Ill 


J.A.  Beswick 


onto  the  free  rotor  states  of  the  fragments.  Hence  there  will  be  a  distribution 
of  rotational  states  with  a  total  width  Aj  such  that  AjAO  1. 

The  second  example  corresponds  to  vibrational  predissociation  in  the  (HF)^ 

dimer.  The  (HF)^  dimer  is  possibly  the  simplest  of  all  hydrogen  bonded  molecules. 
The  first  calculations  for  vibrational  predissociation  in  this  system  was  per¬ 
formed  by  Ewing  (26)  using  a  coll  inear  model.  This  calculation  gives  lifetimes 
many  orders  of  magnitude  larger  than  those  observed  experimentally  (27).  Ewing 
suggested  that  this  apparent  contradiction  does  not  exist  in  the  real  three  di¬ 
mensional  world  where  the  effect  of  rotations  may  speed  up  the  dissociation. 

In  the  calculations  of  ref.  (16),  the  proton  acceptor  monomer  was  constrained 
to  its  equilibrium  position  and  the  quasi-triatomic  system  FH-(FH)  was  treated 
fully,  including  stretching  and  bending  degrees  of  freedom.  The  linewidth  (life¬ 
time)  and  the  final  rotational  distribution  of  the  fragments  have  been  obtained 
by  converged  close-coupling  quantum  mechanical  calculations  using  the  artificial 
channel  method.  The  potential  energy  sur¬ 
face  of  Cournoyer  and  Jorgensen  (28)  was 
used. 

The  results  are  drastically  different 
from  those  obtained  in  the  collinear  mo¬ 
del,  reflecting  the  importance  of  the  ro¬ 
tational-vibrational  coupling  in  systems 
with  high  anisotropy  and  low  moment  of 
inertia.  The  lifetime  obtained  is  now 
in  good  agreement  with  experiment.  The 
final  rotational  state  distribution  of 
the  HF  fragment  is  highly  inverted  as 
can  be  seen  from  figure  2  where  the  in 
dividual  linewidths  for  vibrational  pre¬ 
dissociation  as  a  function  of  the  rotational  quantum  number  j  is  presented. 

These  calculations  clearly  point  out  that  clusters  may  play  an  important  role 
in  inducing  rotational  population-inversion  in  the  HF  hydrogen  bonded  molecules, 
and  this  may  also  be  true  for  other  systems  as  well. 

4,  CONCLUSIONS 

Recently  several  quantum  mechanical  3-dimensional  studies  of  photodissociation 
of  small  polyatomic  molecules  have  been  conducted.  This  opens  a  new  generation 
of  detailed  comparisons  between  exact  and  approximate  treatments  in  this  area. 

It  also  provides  a  mean  for  relating  features  of  the  system  to  the  experimental 
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rotational  distributions,  angular  distributions  and  polarization  which  can  now 
be  measured  experimentally  thanks  to  the  combination  of  lasers  and  supersonic 
beams . 
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ANALYTIC  MULTICHANNEL  THEORY  OF  MOLECULAR  DISSOCIATION 
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A  generalized  multichannel  quantum  defect  analysis  of  the  close  coupled 
molecular  wavefunction  for  arbitrary  potentials  gives  a  unified  description 
of  the  bound  and  scattering  states  of  the  diatomic  molecule  AB  by  defining  a 
real  symmetric  matrix  Y(E)  which  can  be  analytically  continued  across  a 
dissociation  threshold.  The  theory  also  leads  to  a  half  collision  analysis 
of  weak  predissociation  and  photodissociation  whereby  the  transition  ampli' 
tude  matrix  is  separated  into  factors  representing  short  range  Franck-Condon 
transitions  and  long  range  final  state  interactions.  For  sufficiently  high 
fragment  separation  velocity,  the  effects  of  final  state  interactions  on 
product  distributions  are  well  approximated  by  small  departures  from  the 
recoil  limit  as  prescribed  by  pure  frame  transformations  among  Hund's  cou¬ 
pled  electronic-rotational  states. 


I.  INTRODUCTION 

The  process  with  which  we  are  concerned  here  is  that  of  molecular  dissocia¬ 
tion,  that  is,  the  formation  of  an  unstable  state  of  the  molecule  AB  which 
sepirar.es  to  fragments  A  and  B,  There  are  a  variety  of  ways  bi  which  a  dis¬ 
sociative  continuum  state  can  be  excited:  through  initial  preparation  of  a 
bound  metastable  state  which  predissociates,  through  direct  photoexcitation,  or 
perhaps  through  some  collisional  excitation  process.  Generflly  the  items  of 
ihtti  est  < or  measurement  or  calculation  are  the  total  rate  at  which  the  process 
occurs  and  the  branching  ratios  which  describe  the  distribution  of  particular 
final  stales. 

The  dissociative  states  of  the  species  AB  are  also  the  collisional  or  scat¬ 
tering  states  of  the  fragments  A  +  B.  Therefore  there  has  been  a  considerable 
amount  of  interest  and  success  recently  in  generalizing  close  coupling  scatter¬ 
ing  algorithms  for  the  numerical  calculation  of  i hotodissoclation  transition 
amplitudes  (1-7).  The  theory  (8-13)  which  we  wili  summarize  here  is  complemen¬ 
tary  to  these  numerical  approaches.  It  is  based  on  an  analysis  of  the  struc¬ 
ture  of  the  close  coupled,  or  multichannel,  time  independent  scattering  wave- 
function.  It  will  hopefully  lead  to  useful  insights  concerning  molecu' ar 
dissociation  and  also  lend  itself  to  the  development  of  quantum  and  semi- 
classical  approximations.  Although  our  development  has  concentrated  on  appli¬ 
cation  to  neutral  atom  scattering,  that  is,  diatomic  dissociation,  many  of  the 
features  of  the  theory  are  general  and  need  not  be  restricted  to  this  case. 

We  call  our  approach  a  generalized  multichannel  quantum  defect  analysis 
(MCQDA)  (10),  since  it  is  strongly  motivated  by  the  concepts  of  standard  multi¬ 
channel  quantum  defect  theory  (MQDT)  (19,15).  The  latter  is  designed  to  treat 
problems  associated  with  bound  Rydberg  stales,  aulolonizing  resonances,  and 
electron-ion  scattering.  It  has  not  only  been  successfully  applied  to  many 
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atomic  problems,  but  has  also  been  extended  to  treat  molecular  bound  and  dis¬ 
sociative  states  in  the  vicinity  of  an  ionization  threshold  (16,17).  This 
standard  MQDT  makes  heavy  use  of  the  properties  of  the  Coulomb  potential  and 
its  solutions.  The  generalized  MCQDA  has  been  developed  by  us  (10,11)  and 
others  (17-19)  to  apply  to  systems  described  by  arbitrary  potentials,  for  exam¬ 
ple,  the  Born-Oppenhelmer  potentials  for  the  interaction  of  A  and  B. 

There  are  two  features  of  the  theory  which  we  will  emphasize  in  this  paper. 
First,  the  theory  enables  us  to  define  a  real,  symmetric  matrix  Y(E)  that  can 
be  analytically  continued  across  thresholds  and  thereby  relate  the  properties 
of  open  channel  scattering  states  above  threshold  and  predissociating  closed 
channel  resonances  below  threshold  (10,11).  Second,  we  will  explicitly  con¬ 
sider  the  case  of  weak  coupling  between  an  initial  state  and  a  manifold  of 
final  states,  and  show  how  a  half-collision  factorization  of  transit  i  ampli¬ 
tudes  for  predissociation  and  photodissociation  can  be  developed  (12,.  This 
analysis  will  be  illustrated  by  interpreting  photodlssooiation  and  radiative 
redistribution  experiments  in  which  an  aligned  atom  is  produced  following 
molecular  absorption  of  a  polarized  photon. 


2.  MCQDA  FORMULATION 

In  general  the  wavefunction  that  describes  the  diatomic  species  AB  at  total 
energy  E  can  be  expanded  as 

*  ,(E)  =  r  |a>  F  ,(E,R)/R  (1) 

o'  a  aa 

where  the  basis  fuhctions  la>  span  all  coordinates  except  the  AB  interfragment 
separation  R.  This  may  also  be  written  in  the  following  matrix  notation,  where 
I a>  is  a  row  vector: 

<•  -  |a>  F(E,R)/R  (2) 

Introduction  of  eq.  1  into  the  Schrodinger  equation,  =  Eiji,  generates  the 
standard  matrix  Schrodinger  equation,  or  equivalently,  the  set  of  close  coupled 
equations, 

d^  2u  _ 

— P  F  ♦  ^  tE-T>  -  M(R)]  F  =  0  ,  C3) 

dR'^ 


where  1°  is  the  unit  matrix  [In  this  paper  diagonal  matrices  are  always  indi¬ 
cated  by  a  superscript  zero].  The  symmetric  normally  nondiagonal  matrix  U, 
which  describes  the  potentials  and  couplings  among  the  various  states  a,  is 
found  by  taking  matrix  elements  of  the  total  Hamiltonian  over  the  basis  func¬ 
tion  lo>. 

Although  it  is  possible  to  set  up  and  solve  such  equations  using  a  variety 
of  choices  of  basis  |a>,  the  scattering  boundary  conditions  in  the  limit  of 
large  R  must  be  applied  using  a  particular  basis  set,  namely,  the  channel  state 
basis  |T>.  These  basis  states  are  eigenstates  of  total  angular  momentum,  3  = 

^  +  J,  where  J  =  Jg  is  total  fragment  angular  momentum  and  t  is  the 

relative  angular  momentum  of  A  and  B.  For  the  case  of  atom-atom  scattering 
this  basis  corresponds  to  Hund's  case  (e)  of  diatomic  angular  momentum 
coupling.  The  potential  matrix  H”  In  the  channel  state  representation  is 
asymptotically  diagonal,  having  elements 


Vj  («■►")  -  E 
yy  y 


*  - - 2 - 


(H) 
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The  channel  energy  is  the  total  asymptotic  fragment  energy,  not  Including 
kinetic  energy. 

The  expansion  basis  must  always  be  truncated  with  only  a  finite  number  of 
states,  hopefully  chosen  to  represent  the  physios  adequately.  The  total  number 
of  channels  Nj  is  divided  into  Nq  open  and  N^.  closed  channels,  depending  on 
total  energy.  The  channel  wave  vector 

ky  =  [2p(E-E“)/-h2]’^^  (5) 

is  real  for  open  channels,  for  which  the  fragments  can  separate  asymptotically 
with  kinetic  energy  E-E.^  .  But  ky  is  pure  imaginary  for  closed  channels,  t.e., 

E  <  Ey  ,  so  that  the  fragments  can  not  separate  in  channel  Y.  If  E  <  E*  for 

all  Y,  N.].  =  N(2  and  the  only  possible  states  of  AB  are  bound  states.  If  E  >  e” 
for  all  Y,  Ny  =  Nq  and  inelastic  collisions  can  couple  any  two  channels.  If  E 
is  such  that  some  channels  are  open,  some  closed,  then  it  is  possible  to  have 
metastable  bound  states,  or  resonances,  which  can  decay  by  predissociation. 

The  MCQDA  gives  a  unified  way  to  describe  open  and  closed  channel  properties 
and  giv^  .lew  insights  into  the  decay  of  predissociating  resonances.  The  basic 
idea  of  ..le  analysis  is  to  introduce  a  set  of  diagonal  reference  potentials  11° 
such  that 

H(R)  =  l(°(R)  +  V(R)  ,  (6) 

and  VCR)  vanishes  asymptotically.  Each  reference  piotential  W^jj^CR)  gives  rise  to 
two  linearly  independent  solutions  of  the  Sohrodinger  equation,  f^^  and  g^.  In 
matrix  form  the  diagonal  matrices  f°  and  g°  are  each  solutions  of  the  diagonal 
Cor  uncoupled)  set  of  equations 

d^  2u 

— 5-  F°  *  -P  CE*1°-¥°)  F°  -  0  .  (7) 

dR‘  -fi‘ 

The  general  solution  to  the  coupled  equations  3  can  be  written  as  a  linear 
combination  of  these  reference  solutions,  with  R-dependent  coefficients  A  and 
B, 

FCE.R)  =  f°CE,R)  ACE,R)  *  g°CE,R)  BCE.R)  .  C8) 


If  ?°  and  g°  are  carefully  chosen  to  be  analytic  in  E,  then  the  NjXNj 
dimensional  matrix  defined  by  the  asymptotic  quantity 

YCE)  .  BCE,”)  ACE,”)”’’  C9) 

can  be  analytically  continued  across  dissociation  thresholds  Cl.e.,  like  a 
"quantum  defect")  and  quantitatively  relates  the  scattering  and  bouno  state 
properties  of  ^  CE,R).  In  addition,  the  complex  matrix 

t*CE)  *  [A(E,”)±  iBCE,”)]’’  (10) 

may  be  used  to  define  "half  collision"  amplitudes  which  describe  final  state 
distributions  in  photodissociation  and  weak  predissociation  processes.  Note 
that  no  approximations  are  Involved  in  writing  eq.  8.  In  fact,  the  original 
second  order  differential  equations  3  can  be  rewritten  as  two  coupled  first 
order  differential  equations  for  A  and  B,  or  equivalently,  for  R-dependent 
analogs  of  Y  and  t“  C9-12).  Thus  our  analysis  is  related  to  amplitude  density 
and  phase  amplitude  methods  in  scattering  theory  (20,21).  Our  contribution  is 
to  emphasize  the  intrinsic  analytic  properties  of  the  wavefunction  that  can  be 
projected  from  such  an  analysis. 
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Although  the  MCQDA  is  a  nonperturbatlve  analysis,  Its  usefulness  will  often 
depend  on  making  a  judicious  choice  of  reference  potentials  W“.  The  reference 
basis  1  o>  Is  derived  from  the  channel  state  basis  | Y>  by  an  orthorgonal 
transformation 


|o>  =  |T>  i(R) 

(11) 

(12) 

Normally  the  transformation  ■  will  be  chosen  for  physical  reasons  to  suggest 
reference  potentials  11°  which  isolate  particular  effects  by  making  V  small  or 
vanishing  at  some  value  of  R.  For  example,  if  we  want  to  be  able  to  generate 
an  energy  insensitive  Y(E)  for  extrapolating  across  thresholds,  we  would  seek  a 
transformation  that  gives  a  coupling  V(R)  that  operates  only  in  a  short  range 
zone  of  R,  typically  in  the  Rg  region  of  Born-Oppenheimer  potentials.  On  the 
other  hand,  for  describing  a  photodissociation  process,  we  would  want  to  choose 
a  V  which  is  negligible  in  the  zone  of  R  near  Rg  which  determines  the 
Franck-Condon  absorption,  whereas  there  may  be  strong  inelastic  couplings  due 
to  V  in  an  intermediate  range  of  R  that  determine  the  distribution  of  atomic 
fragment  states.  Depending  on  the  specific  application,  some  choices  of 
suitable  reference  functions  for  diatomic  processes  could  be:  a  pure  Hund's 
coupling  case,  such  as  the  standard  case  (a)  states;  a  set  of  intermediate 
coupled  states;  an  adiabatic-electronic-rotational  (AER)  basis,  which 
continuously  dlagonal'.  es  the  electronic-rotational  Hamiltonain  as  a  function 
of  R  and  smoothly  trai.  forming  from  one  Hund's  case  to  another  (8b, 9). 

Several  types  of  reference  solutions  may  be  defined,  depending  on  boundary 
conditions  chosen  (10,18).  The  solutions  useful  for  extrapolating  across 
thresholds  are  the  functions  ?  and  g,  respectively  regular  and  irregular  as  R  ■> 
0.  They  are  defined  quantum  mechanically  but  have  the  following  semiolassioal 
interpretation  in  a  classical  region  of  phase  space: 

f'g  =  sin  6g(R)/ky^(R)  and  g„  =  cos  6g(R)/k^^^(R)  ,  (13) 

where  6g(R)  is  the  WKB  phase  angle  (a  is  the  classical  turning  point) 

°  •''a  ^R  -  |  .  (Ik) 

Each  reference  potential  Wgg(R)  uniquely  defines  two  energy-dependent  phase 
angles  5(,(  E)  and  Ug(  E) .  Above  a  channel  threshold  the  open  channel  solutions 
define  the  reference  phase  shifts  (we  ignore  subtle  threshold  effects  discussed 
in  detail  in  references  10  and  11) 

fa  (R-*-)  -  sin(kgR-  j  *  £;„)  .  (15) 


Below  a  channel  threshold  the  regular  solutions  fa(E,R)  are  asymptotically 
divergent  except  at  closed  channel  eigenvalues  E  *  E*  defined  by  the  modular  m 
values  of  E) 

tan  VgiE)  -  0  or  Va(E“)  *  nx  .  (16) 

The  semlclasslcal  approximation  to  v 

Va  f  “  Z*’  ka(R)  dR 
a 


(17) 


Analytic  Multichannel  Theory  of  Molecular  Dissociation 


729 


gives  the  standard  Bohr-Sommerfeld  quantization  rules. 

The  MCDWA  analysis  of  Mies  (10)  shows  how  to  define  the  symmetric  real 
matrix  Y(E)  in  eq.  9.  If  all  channels  are  open,  the  N.J.XN.J.  scattering  matrix  S 
is  simply  related  to  y  as  follows 

S  =  e^^°  (1°  +  lY)  (1®  -  lY)"^  e*^°  .  (18) 


If  we  calculate  S  and  the  reference  phase  shift  diagonal  matrix  above 
threshold,  then  we  can  calculate  the  N.j.xN.j.  Y  matrix.  If  Y  is  sufficiently 
energy  insensitive,  then  it  may  be  extrapolated  below  thresholds  to  predict  the 
resonance  scattering  and  closed  channel  properties.  For  example,  if  we  take 
the  case  N.J.-2  with  channel  1  closed  and  channel  0  open,  then  the  elastic 
scattering  phase  shift  of  the  open  channel  is  modified  due  to  predissociation 
originating  from  the  bound  states  located  at  ^^(E)  =  n-n  (11), 

no(E)  =  Co(E)  ®  tan-’  [Yoo  -  -  3  (’9) 

t-dfl  ( E )  ^  ^  ^ 

both  channels  are  closed,  the  bound  state  eigenvalues  are  given  by  the 
expression 

(tan  Yo^En)  ♦  '^oo'>  ’^I'^n^  *  ’^ll^  '  ’'oi* 


Eqs.  19  and  20  are  valid  for  arbitrarily  strong  coupling  and  are  only  limited 
by  our  ability  to  obtain  the  reference  phases  and  the  matrix  Y(E)  •  constant. 

In  the  limit  of  weak  coupling  when  Y  -►  0,  eq.  (19)  transforms  into  the 
usual  Lorentzlan  expression  for  an  isolated  resonance.  The  weak  coupling  width 
fj,  and  shift  iE^,  of  the  predissociating  level  at  E  -  are 

1  2aG.  2  1  iCn 

r  =  - Y  and  AE  - - ^Y,,  ,  (21) 

n  IT  01  n  r 

where  we  have  introduced  ;  approximation 


il^i  -  JL 

3E  E=e’  AG„ 


(22) 


where  AG^,  is  the  vibrational  spacing. 

We  have  carried  out  a  number  of  test  calculations  on  2  state  models,  l.e.,  2 
open  or  1  open  and  1  closed  channels,  and  have  demonstrated  the  success  of  the 
analysis  over  a  wide  range  of  conditions  (11).  These  Include  an  analysis  of 
Cd2  state  predissociation  to  00(^2^)  +  Cd(’sQ)  using  AER  reference  states, 
and  an  analysis  of  the  O2  predissociation  using  dlabatlc  reference  states. 
Model  strong  coupling  cases  based  on  the  latter  were  used  to  demonstrate  the 
nonperturbatlve  nature  of  the  analysis.  The  Y(E)  matrix  was  found  to  be  most 
energy  insensitive  for  short  range  inner  potential  wall  curve  crossings  or  near 
crossings  where  two  reference  potentials  remain  nearly  parallel  over  a  range  of 
R.  Its  greatest  energy  sensitivity  will  occur  for  sharp  outer  crossings  due  to 
the  more  rapid  energy  variation  of  Franck-Condon  overlaps. 


3.  WEAK  COUPLING  HALF  COLLISION  ANALYSIS 


Let  us  now  consider  a  special  case  which 
phenomena  and  for  which  the  MCQDA  allows  us 
insights  or  approximations.  Assume  that  we 


covers  a  wide  variety  of  actual 
to  develop  a  number  of  useful 
have  a  manifold  of  Nj  channels 
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which  may  be  strongly  coupled  among  themselves  and  a  similar  manifold  of  No 
final  channels,  but  that  the  coupling  between  the  Initial  and  final  manifolds, 
described  by  the  NpXNj  Vpj  submatrix,  is  very  weak.  For  simplicity  we  will 
consider  the  case  here  where  Nj  •  1 ,  l.e.,  there  is  only  a  single  nondegenerate 
Initial  channel.  If  the  initial  channel  is  open,  as  well  as  the  final  chan¬ 
nels,  the  free-free  transition  amplitudes  are  given  by  the  NpxNj  subblock  of 
the  S  matrix,  described  to  first  order  in  Vpj  by  the  Born  distorted  wave 
approximation, 

Spj(E)  -  -2iri  <^^(E)|  V(#J(E)>  ,  (23) 

when  are  energy  normalized  wavefunctions  calculated  in  the  absence  of  the 
weak  coupling  and  the  ±  refer  to  incoming  and  outgoing  scattering  boundary 
conditions.  Similarly,  if  the  initial  channel  is  closed,  the  bound-free 
predissociation  transition  amplitudes  for  decay  of  the  closed  channel  resonance 
at  E=E|^  are 

Tpi(En)  =  -2vi  <♦;(£„) I VlEn>  (2^) 

where  I E^>  is  the  unit  normalized  bound  state  wavefunctlon. 

There  are  numerous  examples  of  weak  predissociations  in  molecular  spectros¬ 
copy.  One  special  case  is  predissociation  induced  by  a  radiation  field, 
namely,  photodissoclatlon.  If  the  initial  state  basis  functions  are  molecule- 
radlatlon-f ield  states  |a]->  |nqio>,  with  n  photon  of  frequency  lu  and  polariza¬ 
tion  q,  and  the  final  states  have  n-1  photons  |ap>ln-1  ,q,ui>,  then  the  free-free 
process,  eq.  23,  describes  line  broadening  and  radiative  redistribution 
phenomena  and  the  bound-free  process,  eq.  2*t,  describes  photodissociation  (22). 
For  the  case  of  radiative  coupling  the  weak  coupling  matrix  is  just  (22,23). 

Vpj(rad)  -  <ap|Sq.M|ap>  (25) 

where  41  is  the  field  intensity  (photons  ora  sec  ),  e^  the  polarization 
vector  of  the  light,  and  2  the  molecular  dipole  operator. 

When  we  impose  scattering  boundary  conditions  on  the  asymptotic 
wavefunctlon  in  the  channel  state  basis  |Tf>,  we  find  (using  eq.  11)  that  the 
energy  normalized  wavefunctions  for  the  respective  initial  and  final  manifolds 
are 

tr  =  la>  k(?<>A  +  g'>B)H-  ,  (26) 

where  <  =  (Bu/'h^ir)^''^  and  the  normalization  matrix  N*  is 

N±  =  ,  (27) 

with  t  given  by  eq.  10.  (12)  We  now  wish  to  make  one  more  assumption.  Assume 
that  the  weak  coupling  '^FI,  which  couples  the  two  manifolds  is  only  significant 
in  some  short  range  zone  of  R  near  R^  and  that  the  final  state  interactions  Vpp 
which  determine  the  final  state  distribution  are  important  in  a  longer  range 
zone  of  R.  Since  B  must  vanish  at  the  origin  and  does  not  become  large  until 
R  >  Rg,  the  weak  transition  occurs  in  a  zone  of  R  where  to  a  good  approximation 
we  may  take  A»1,  B-0.  We  Immediately  see  from  eqs.  23,  2l4,  26  that  the  weak 
coupling  amplitudes  are 

Spj  -  -2iil  ii*(E)  §fi(E)  NJ(E)  (28a) 

tFi(En)  -  -2irl  ii2(En)  tpi{E„)  (28b) 


where 
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Spj(E)  -  <2  <f°(E)|  Vf.j(f°(E)> 


(29a) 


fpiCEn)  -  <  ?f°(E„)|Vpi|E„>  . 


(29b) 


and  we  have  used  the  result  N*  - 

The  results,  eq.  28,  show  how  a  very  useful  factorization  of  the  weak  cou¬ 
pling  transition  amplitudes  can  be  achieved.  The  S  and  t  amplitudes  are  real 
Franck-Condon  amplitudes  which  describe  the  excitation  process.  The  Mp  matrix 
is  a  "half  colllslcn"  dynamical  matrix  which  Incorporates  the  effect  of  final 
state  interactions  and  provides  the  correlation  between  the  short  range 
reference  states  excited  by  Vpj  and  the  asymptotic  distribution  of  fragments 
which  could  be  measured  experimentally.  The  initial  state  matrix  Mj  is  a  sim¬ 
ple  phase  factor  for  a  single  initial  channel,  whereas  for  a  manifold  of  ini¬ 
tial  channels,  it  would  describe  the  formation  of  the  reference  states  from  the 
asymptotic  states.  We  see  that  the  physical  picture  implicit  in  the  factor¬ 
ization,  eq.  28b,  is  the  time-independent  analog  of  the  time-dependent  wave- 
packet  viewpoint  of  photodlssoclatlon  of  Lee  and  Heller  (2^).  According  to 
this  viewpoint,  photodlssoclatlon  is  descrioed  as  the  initial  creation  of  an 
excited  state  wavepacket  through  a  "Franck-Condon"  excitation  from  the  initial 
bound  state  due  to  weak  radiative  coupling.  The  time  evolution  of  this  wave- 
packet  leads  to  the  distribution  of  final  states. 

We  have  shown  two  important  properties  of  the  N'"'  matrix  (12).  First,  as 
long  as  no  nonclassioal  regions  are  encountered  by  the  fragments  between  the 
excltion  region,  R  »  R^,  and  the  detection  region,  R  •  then  N*  is  unitary  to 
a  very  good  approximation.  Second,  the  H*  matrix  can  be  further  factored  as 


M*  =  0*  U* 


(30) 


The  factor  U*,  the  so-called  frame  transformation  matrix,  depends  only  on  the 
reference  solutions  and  the  orthogonal  basis  transformation  matrix  b.  If  an 
AER  reference  basis  is  used,  it  takes  on  the  form 

U*  =  L(Rg)  (31) 

with  L(R)  =  ei*°  m(R)  e'^S°  (32) 


where  8°  is  the  matrix  of  WKB  reference  phases,  eq.  I^.  The  distance  Rg  is  a 
characteristic  switching  distance  at  which  the  final  state  Interactions  begin 
to  become  important  as  the  fragments  separate.  The  matrix  0*  in  eq.  30  incor¬ 
porates  the  effect  of  final  state  interactions  in  causing  deviations  from  the 
pure  frame  transformation,  eq.  31.  It  is  possible  to  obtain  a  first  order 
differential  equation  for  0*  by  which  these  deviations  can  be  calculated  (12). 

A  special  limiting  case  which  has  been  used  to  predict  final  state 
distributions  in  diatomic  photodlssoclatlon  is  the  recoil  approximation,  or 
more  specif Ically,  the  J-lndependent  recoil  approximation  (25).  This  amounts 
to  ignoring  any  J  dependence  of  final  state  Franck-Condon  factors  and  phase 
development.  This  limit  will  always  apply  at  sufficiently  high  fragment 
kinetic  energy.  In  our  formulation,  this  limit  corresponds  to  setting  - 
B(Rg).  If,  however,  we  set  H*  -  0*,  thereby  Ignoring  the  nonadlabatlc 
corrections  in  0*  but  incorporating  the  effect  of  adiabatic  phase  development, 
and  continue  to  Ignore  any  J-dependence  in  the  Franck-Condon  amplitudes,  S  or 
t,  we  obtain  an  Improved  approximation  which  allows  us  to  incorporate  the 
effect  of  molecular  axis  rotation  into  orientation/alignment  experiments.  We 
thus  see  that  the  factorizations,  eqs.  28  and  30,  are  very  powerful  tools  which 
enable  us  to  introduce  a  heirarchy  of  approximations  for  successively  introduc¬ 
ing  various  dynamical  effects  into  the  Interpretation  of  photodlssoclatlon  or 
predissociation  product  distributions. 
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In  our  earlier  discussion  we  enpdaslzed  the  X  matrix  and  its  continuity 
across  a  dissociation  threshold.  For  our  present  example  of  a  single  Initial 
channel  weakly  coupled  to  a  manifold  of  final  channels,  the  Ypj  submatrix  to 
first  order  In  Vpj  is 

Ypj.(E)  -  -IT  A^’(E.«)  §pj(E)  .  (33) 

The  continuity  of  Y  across  the  Initial  state  threshold  is  thus  reflected  by  the 
well  known  continuity  of  Franck-Condon  amplitudes  S.  The  connection  between 
§pj  and  tpj  In  eq.  29  is  readily  seen  when  we  write  the  unit  normalized  initial 
bound  state  function  as 

|E„>  >  ^  ?j(E^)  (3‘t) 

where  we  have  used  eq.  22  and  the  results  of  references  8  and  10.  Thus, 

tpiCE^)  =  (AG„)’/2  gpj  (35) 

shows  the  relation  between  the  nonanalytic  t  and  the  analytic  §. 

One  Important  consequence  of  the  unitarity  of  N*  is  that  the  total  predis- 
soclatlon  decay  rate,  given  by  the  following  scalar  dot  product. 

An  =  Tp*  tp/h  =  (itx2  ipj  §pj)  (AGn/h),  (36) 

depends  only  on  the  excitation  Franck-Condon  factors  §,  and  not  on  the  half- 
collision  dynamical  matrix.  This  Justifies  the  usual  adiabatic  approximation 
for  continuum  spectroscopy  and  weak  predissooiation,  i.e.,  given  our  assump¬ 
tions,  it  is  only  necessary  to  take  into  account  the  local  Interactions  in  the 
Franck-Condon  region  to  calculate  the  total  rate  of  decay.  Since  when  the 
initial  channel  is  open  the  first  factor  in  parenthesis  in  eq.  36  is  inter¬ 
preted  as  the  total  inelastic  transition  probability  from  I  to  the  F  manifold, 
we  see  that  the  closed  channel  decay  rate  is  simply  interpreted  as  a  single 
cycle  transition  probability  times  the  oscillation  frequency  AC^^/h.  The 
continuity  of  2  across  threshold  and  this  interpretation  of  eq.  36  has  recently 
been  discussed  by  Telllnghuisen  and  Julienne  (26)  in  relation  to  the  inverse  of 
the  phenomena  considered  here,  namely,  for  radiative  association  and  bound 
state  radiative  decay. 

We  have  carried  out  specific  calculations  for  the  case  where  polarized  ab¬ 
sorption  from  a  ' 2*  state  through  either  a  or  ’n  molecular  Born-Oppenhelraer 
reference  state  leads  to  'p  ♦  fragment  atoms  (23,27).  The  atom  may  be 
aligned  (q-0)  or  oriented  (q=±l).  This  describes  both  Sr  or  Ba  +  rare  gas 
radiative  redistribution  experiments  (28)  and  the  0^2  photodlssociation  experi¬ 
ment  of  Vigu4,  et.  al .  (29).  Our  full  close  coupled  results  for  Sr  +  Ar  are 
in  good  agreement  with  the  radiative  redistribution  experiments.  The  half  col¬ 
lision  analysis  leads  to  an  especially  simple  and  pleasing  physical  picture  of 
the  product  alignment. 

The  same  angular  momentum  transfer  formalism  applies  to  both  radiative 
redistribution  (23)  and  photodlssociation  (30).  The  transfer  cross  sections 
require  a  coherent  sum  of  transition  amplitudes  resulting  from  P,  Q,  and  R 
type  radiative  transitions,  i.e,  those  having  AJ  •  1 ,  0,  and  +1  respectively. 
The  transfer  cross  sections  that  result  from  applying  the  factored  form  of  the 
Mp  matrix  can  be  expressed  in  terms  of  an  angle 

0A  “  “a/2  -  A3/2  . 
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The  angle  0/^/2  originates  from  the  frame  transformation  matrix  U*  In  eq.  30  and 
represents  the  effect  of  adiabatic  motion  on  the  Born-Oppenhelmer  potential  A. 
Semlclassloally,  It  is  the  angle  through  which  the  molecular  axis  rotates  In  a 
complete  half  collision  In  the  final  state,  that  Is,  (ii-0j,)/2,  where  0^,  Is  the 
final  state  classical  deflection  function.  The  classical  deflection  function 
enters  since  It  Is  23Sj^/3J  and  the  adiabatic  phases  vary  slightly  with  Jp 
for  adiabatic  evolution  following  P,  Q,  and  R  excitation.  The  angle  Ag/2 
originates  from  the  effect  of  nonadlabatic  Coriolis  coupling  between  Z  and  n 
states  In  the  nonadlabatic  correction  matrtlx  O*.  It  represents  the  decoupling 
of  electronic  angular  momentum  from  the  rotating  axis  beyond  a  switching  dis¬ 
tance  Rg. 

This  model  leads  to  the  same  polarization  ratio  as  found  by  Lewis,  et  al. 
(31)  on  the  basis  of  an  ad  hoc  geometric  model.  This  model  corresponds  to  the 
picture  that  angular  momentum  projection  A  rotates  with  the  internuclear  axis 
inside  of  some  characteristic  internuclear  separation  Rg  but  is  decoupled  and 
fixed  in  space  for  R  >  Rg.  If  molecular  axis  rotation  is  neglected,  our  half 
collision  analysis  predicts  the  J-independent  recoil  limit  results  (25,29), 
namely,  respective  q  =  0  polarization  ratios  of  1/2  and  7/9  for  I  and  n  exci¬ 
tation.  The  usefulness  of  the  complete  half  collision  analysis  is  that  correc¬ 
tions  to  this  simple  J-lndependent  recoil  approximation  are  possible  by  intro¬ 
ducing  additional  effects  into  Up.  In  the  present  case  it  happens  to  be  simple 
to  isolate  the  separate  effects  of  adiabatic  and  nonadlabatic  dynamics. 

We  have  also  used  the  half  collision  analysis  to  interpret  Na  +  rare  gas 
radiative  redistribution  experiments  (31)  in  which  the  Na  ^P(j=l/2)/‘P(j=3/2) 
ratio  was  i(icdr"rad  following  wing  absorption  to  the  ^Z  and  states  (32).  The 
recoil  limit  result  is  approached  for  fragment  kinetic  energy  cf  about  2000 
cm"  for  an  argon  collision  partner,  but  at  a  much  lower  kinetic  energy  for  the 
lighter  He  collision  partner.  The  large  departures  of  the  fine  structure 
branching  ratio  from  the  recoil  limit  for  low  (thermal)  separation  energies 
reflects  the  influence  of  the  adiabatic  potentials  and  their  curve  crossings. 
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The  Netherlands 

The  current  status  of  experimental  and  theoretical  work  on  'Above-Threshold 
Ionization'  (ATI)  in  multiphoton  processes  is  reviewed.  Some  features  of  the 
low-intensity  regime  are  treated  in  order  to  provide  a  basis  for  discussion 
of  the  phenomena  in  the  high-intensity,  non-perturbative  regime.  It  is  shown 
how  saturation  of  continuum-continuum  transitions  leads  to  a  distribution  of 
photoelectrons  over  a  range  of  continuum  states.  Furthermore,  we  consider 
how  AC  Stark  shifts  of  the  atomic  levels,  and  the  ponderomotive  force,  affect 
the  position  and  width  of  the  photoelectron  peaks,  for  various  conditions  of 
laser  pulse  length  vs.  photoelectron  escape  time. 


1.  INTRODUCTION 

The  process  of  multi  photon  ionization  has  been  studied  extensively  over  the 
past  two  decades,  an  important  item  of  investigation  being  the  rate  dependence 
on  the  intensity  of  the  laser  light,  i.e.  the  order  of  non-linearity  of  the  pro¬ 
cess.  It  can  be  stated  that  in  practically  all  cases  the  observed  order  of  non¬ 
linearity  does  not  exceed  the  minimum  number  of  photons  N  needed  to  cross  the 
ionization  potential  (I.P.): 

I.P.  <  N.hu<  I.P. +hu  (1) 

This  is  the  dependence  one  would  expect  in  the  regime  of  validity  of  lowest- 
order  perturbation  theory,  for  a  process  which  is  terminated  once  N  photons  have 
been  absorbed;  indeed,  this  has  been  the  accepted  picture  for  a  considerable 
period. 

Nevertheless,  it  is  against  reason  to  accept  that  ionization  can  take  place 
through  fully  non-resonant  absorption  of  a  large  number  of  photons,  and  then 
disregard  the  possibility  of  further  absorptions  by  what  could  be  considered 
'quasi-resonant  steps'  in  the  continuum.  This  actually  was  one  of  the  reasons 
for  undertaking  the  analysis  of  photoelectron  energies.  Over  the  past  five  years, 
extensive  evidence  for  the  generation  of  photoelectrons  with  energies  [(N+S)hu) 

-  I.P.],  S  being  an  integer,  has  been  collected  (see  reviews  [1]  and  [2]).  Of 
the  various  names  that  have  been  proposed  for  the  process,  Above-Threshold-Ioni¬ 
zation  at  least  has  the  advantage  of  allowing  a  short  abbreviation:  ATI. 

This  paper  attempts  to  bring  out  the  most  salient  physics  that  has  emerged 
from  these  studies.  Firstly,  a  few  features  of  the  low-intensity  regime  are 
briefly  discussed  in  order  to  provide  a  framework  for  thinking  about  ATI.  The 
main  part  of  the  paper  is  concerned  with  the  high-intensity  regime  and  discusses 
several  experiments  as  well  as  recent  theoretical  approaches,  using  non-pertur¬ 
bative  methods. 


2.  LOW-INTENSITY  REGIME 

One  objective  criterion  for  distinguishing  between  a  low-  and  high-intensity 
regime  is  whether  (N+1)-photon  ionization  has  a  considerably  lower  probability 
than  N-photon  ionization.  If  so,  lowest-order  perturbation  theory  can  be  expec- 
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ted  to  hold.  A  schematic  representation  of  an  {N+1)-photon  ionization  (N=2)  is 
given  in  fig.  la,  on  the  conceptually  convenient  basis  of  a  stepwise  excitation 
via  virtual  intermediate  states  separated  by  hu.  In  this  example,  one  tends  to 
think  in  terms  of  a  two-photon  transition  to  the  continuum,  followed  by  a  one- 
photon  continuum-continuum  (CC)  transition  to  the  final  state. 

A  proper  lowest-order  perturbation  description  replaces  this  simple  picture 
by  a  coherent  sum  (with  appropriate  energy  denominators)  over  all  allowed  three- 
photon  paths  (fig.  1b),  of  which  the  energy-conserving  case  is  just  one.  An  ob¬ 
vious  question  arises:  what  is  the  relative  importance  of  the  energy-conserving, 
quasi-resonant  CC  step  in  fig.  la  with  respect  to  the  full  amplitude?  It  is  a 
simple  matter  to  show  that  the  transition  amplitude  is  a  complex  quantity  [3], 
the  energy-non-conserving  paths  contributing  the  real  part,  while  the  energy- 
conserving  path  yields  the  imaginary  part.  It  has  been  found  for  the  case  of 
hydrogen  (4]  that  real  and  imaginary  parts  are  of  the  same  order  of  magnitude 
for  a  wide  range  of  parameters.  A  two-step  hypothesis,  consisting  of  a  two-pho¬ 
ton  ionization  followed  by  a  CC  transition,  is  therefore  not  strictly  applicable, 
but  it  does  provide  a  crude  estimate.  For  instance,  for  the  case  of  five-photon 
ionization  of  Xe  at  X  = 440  nm,  the  ratio  of  (5+1)-  to  5-photon  ionization  is 
underestimated  by  a  factor  of  four,  when  taking  only  the  fig.  la  path  into 
account. 


a)  b) 


c) 


3tiu)  IZ 

1  § 

-1 

LJ 

FIGURE  1 

Energy  diagrams  showing  various  3-photon  ionization  pathways;  a)  and  b) 
for  ATI.  a)  energy-conserving  path;  b)  one  of  the  energy  non-conserving 
paths;  c)  3-photon  path  without  ATI,  through  high  Rydberg  state. 

A  second  point  of  interest  is  the  behaviour  of  (N+1 )-ionization  with  laser 
intensity.  It  is  by  now  well  established  that  in  the  low-intensity  regime  pertur¬ 
bation  theory  correctly  predicts  [1]  an  order  of  non-linearity  equal  to  (N+1), 
or  equivalently,  a  ratio  of  (N+1 )/N-ionization  linear  with  intensity.  An  example 
is  shown  in  fig.  2.  The  figure  is  taken  from  ref.  [5],  in  which  a  special  method 
IS  described  to  circumvent  problems  of  intensity  determination  in  multimode 
laser  operation.  The  method  relies  on  a  detuning  from  exact  (three-photon)  reso¬ 
nance,  such  that  only  specific  local,  momentary  intensities  create  a  dynamic 
resonance  through  AC  Stark  shifting.  Out  of  the  resonance,  two-  and  three-photon 
ionization  occurs  at  the  same  selected  intensity,  which  depends  linearly  on  the 
detuning.  It  will  be  clear  that  in  the  low-intensity  regime,  (N+S)-processes 
contribute  little  to  the  total  ionization  rate;  experimental  accuracies  are 
usually  insufficient  to  detect  the  correspondingly  sirall  deviations  from  iN  be¬ 
haviour  (I  =  intensity). 

Finally,  let  us  consider  the  behaviour  of  the  ATI  signal  in  fig.  1,  when  the 
photon  energy  is  lowered  such  that  2  hu  no  longer  exceeds  the  I .P.  Obviously, 
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FIGURE  2 

a)  Electron  energy  spectrum  from  5-photon  and  (5+l)-photon  ionization  of 
Xe  {P3^2  Pl/2  ion  states)  at  X  =  440  nm.  Intensity  -Iflii  W  cm-2. 

b)  Ratio  of  (5+1)-  to  5-photon  P3/2  signal  as  function  of  detuning. 

Relation  between  detuning  and  intensity  discussed  in  text. 

the  2-photon  ionization  signal  disappears,  but  in  the  3-photon  signal  no  sign  of 
a  threshold  is  present  (fig.  3).  This  is  just  another  manifestation  of  the  ge¬ 
neral  phenomenon  of  continuity  across  the  threshold:  the  density  of  transition 
strength  in  the  high-Rydberg  region  always  joins  smoothly  into  that  of  the  cor¬ 
responding  continuum. 


FIGURE  3 

3-photon  ionization  signal  of  Cs.  Arrow  indicates  where  3-photon  ionization 
according  to  fig.  1c,  through  Rydberg  states,  goes  over  into  the  ATI  case 
of  figs.  1a,b. 
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3.  HIGH-INTENSITY  REGIME 


3.1.  Ofaie-iucitiotu 

It  is  interesting  to  note  that  several  of  the  peculiar  features  of  high-inten¬ 
sity  ATI  observations,  which  are  presently  the  subject  of  a  strong  theoretical 
effort,  were  actually  predicted  already  in  1980  by  Reiss  [6],  for  multiphoton 
detachment  of  H'  by  an  intense  CO2  laser. 

The  first  detailed  study,  under  well- 
defined  conditions,  of  ATI  in  the  high- 

intensity  regime  {~10'3  w  cm"2),  was  . 

that  of  Kruit  et  al.  [7],  on  11-photon  p...  ’’  '*  '»  ''  '»  '»  ” 

ionization  of  Xe  by  1064  nm  photons  “•  "  ’«  ’«  ”  '■  '« 

(fig.  4).  The  main  observations  were;  -X 

-  the  disappearance  of  low-order  peaks,  3  •  r'i  i  .  o^omp.  ' 

-  a  total  order  of  non-linearity  of  ?.*•  .'  -  |3  r 

1Q±1,  i.e.  close  to  the  minimum  nutn-  ^  t  ‘CT  •  ' '•  z,  , 
ber  of  photons,  ,  \  :  \  v  ! '  ^ 

-  the  envelope  of  the  spectrum  peaks  at  V*  V 

an  energy  which  shifts  upwards  with  0  .: - ^ - 1 - ^ 

increasing  intensity,  •'  22.j 

-  no  peak  shift  connected  with  the  pon-  ^  -  ••  ^  o.isp,  ' 

deromotive  force  (see  below),  “  a  .  '  < 

-  considerable  peak  broadening  ^  i 

(-200  meV).  i '  -.v- W  •.,.•••  /  •. 

The  experiment  of  ref.  [7]  was  later  5  r..'*"  "  S>*  v/ 

confirmed  and  extended  by  Humpert  et  al .  : - ' — 

[8],  under  similar  experimental  condi-  ••  '7.j 

tions  of  intensity  and  pulse  length.  2  " 

However,  there  are  two  recent  reports  “2  ■  '  /  • 

of  seemingly  conflicting  measurements,  , 

in  which  ps  pulses  were  used.  One  is  by  '  / /  •  •'  '•  •  •  /■• 

Lomprd  et  al.  [9],  in  which  a  simple  r'  v  y 

retarding-field  analyser  separates  ° 

different  continuum  energies.  It  was  ob-  3  .  .^  ii 

served  that  for  increasing  continuum  I-  i  * 

energies,  increasing  orders  of  non-  ^  . 

linearity  occur.  The  numbers  found  are  f  •  (  ' 

close  to  the  minimum  number  of  photons  ’  r  'vjr  \ 

needed  to  reach  the  corresponding  con- _ .*  ^  — . 

tinuum  state.  Again  no  shift  of  peak 

energies  was  observed.  Contrary  to  this,  electron  enerct  l.vj 

Freeman  [10]  reports  preliminary  ps 

pulse  measurements,  which  show  signifi-  FIGURE  4 

cant  shifts  and  broadening  of  the  elec-  Electron  energy  spectra  of  Xe  ionized 
tron  peaks.  by  1064  nm  photons.  Vertical  scales  ad¬ 

justed  to  equal  height.  Pulse  energies 

3.2.  QuaE(fattue  inte'ipfietation  and  target  pressures  are  given  in  each 

panel.  No  depletion  of  ground  state  up 
to  highest  intensity.  Estimated  effec¬ 
tive  intensity  of  multimode  pulses 
6x  lOU  w  cm‘2  for  upper  panel . 


Most  of  the  features  of  fig.  4,  in-  to  highest  intensity.  Estimated  effec- 

cluding  the  apparent  conflict  with  la-  tive  intensity  of  multimode  pulses 

ter  ps  data,  can  be  understood  when  6*  10^3  VJ  cm“^  for  upper  panel, 
adopting  the  following  qualitative  pic¬ 
ture  which  was  developed  by  Muller  and  Tip  [11,12]  and  later  refined  by  Mittle- 
man  et  al.  [13,14].  We  first  consider  a  CW  laser  field  of  limited  spatial  ex¬ 
tent.  In  this  field  the  atomic  energy  levels  undergo  AC  Stark  shifts,  the  magni¬ 
tude  and  direction  of  which  depend  on  wavelength  and  local  intensity.  For  the 
I.P.,  the  shift  is  upwards  and  amounts  to  J  a^  (a.u.),  where  a  is  the  vector 
potential.  As  an  example,  A(I.P.)  [eV]  =  10'13  i  [w  cm-2]  for  X  =  1064  nm.  These 
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local  shifts  determine  the  minimum  number  of  photons  needed  to  ionize;  in  the 
case  of  Xe  at  A  =  1064  nm,  clear  evidence  exists  (fig.  4)  that  at  intensities 
around  10'3  W  cm*2  eleven  photons  no  longer  suffice  for  ionization. 

With  regard  to  the  electron  energy  at  arrival  on  the  detector,  this  is  deter¬ 
mined  not  only  by  the  above  shifts,  but  additionally  by  the  ponderomotive  force 
accelerating  the  electron  during  it  escape  from  the  focus  to  the  f'eld-free 
region.  It  turns  out  [11]  that  the  energy  gain  due  to  the  ponderomotive  force 
exactly  cancels  the  shift  of  the  I.P.,  such  that  only  the  ground  state  shift  is 
noticeable  in  the  final  electron  energy.  Since  ionization  events  take  place 
throughout  the  laser  focus,  there  is  a  distribution  of  shifts  resulting  in  broa¬ 
dening  of  the  peaks. 

The  above  picture  requires  the  field  to  be  constant  during  escape  of  the  pho¬ 
toelectron,  which  takes  place  on  the  order  of  10  ps  for  a  1  eV  electron.  Thus, 
the  CW  description  holds  for  pulselengths  longer  than  10  ps.  Note  that  in  multi- 
mode  pulses  not  the  overall  pulselength,  but  the  duration  of  individual  spikes 
counts.  E.g.  in  a  0.1  nm  bandwidth  YAG  laser,  intensity  fluctuations  on  a  10  ps 
time  scale  are  possible.  For  short  pulses  the  electron  energy  depends  on  how  the 
electron  emerges  from  the  field  pulse  [14].  For  escape  out  of  the  side  of  the 
pulse,  again  the  CW  case  applies.  During  escape  from  the  rear  of  the  pulse, 
however,  the  acceleration  acts  very  briefly  and  the  initial  electron  velocity 
hardly  changes.  Thus,  electrons  created  with  equal  energies  inside  the  focus, 
may  show  an  asymptotic  energy  difference  as  large  as  the  full  energy  gain  of  the 
ponderomotive  force.  This  clearly  could  result  in  excessive  peak  broadening,  of 
several  eV  and  more.  It  is  worth  noting  that  the  higher  the  initial  velocity, 
the  larger  the  probability  for  escape  out  of  the  side  of  the  pulse,  and  there¬ 
fore  the  narrower  the  energy  spread.  This  effect  has  not  been  observed  yet. 

The  next  problem  concerns  the  orders  of  non-linearity.  It  is  clear  from  fig. 

4  that,  although  the  total  lunsaturated! )  ionization  rate  depends  on  intensity 
I  approximately  as  I "  (experiment  I^O-'),  we  are  dealing  with  the  non-perturba- 
tive  regime.  The  qualitative  explanation  given  in  [7]  is  the  following:  The 
eleven-photon  step  into  the  continuum  limits  the  total  rate  for  ionization. 
Further  steps  in  the  continuum  are  (nearly)  saturated,  such  that  a  range  of 
'  ^gher  continuum  states  is  populated. 

Support  for  this  reasoning  is  obtained  from  a  calculation  of  CC  matrix  ele¬ 
ments  for  Xe  [4],  using  a  one-electron  model  potential.  Matrix  elements  on  the 
order  of  10  a.u.  for  3  eV  photons  have  been  obtained.  Using  the  well-known 
scaling  with  I/.’,  values  at  1  eV  would  be  100  a.u.  At  intensities  of  10'3  w 
cm'2,  transition  rates  are  on  the  order  of  10l^  s‘i.  Such  rates  clearly  compete 
with  'direct'  ionization,  and  thus  are  capable  of  populating  higher  final  states. 

This  interpretation  is  in  conflict  with  the  recent  data  of  Lompr$  et  al .  [9], 
for  reasons  that  are  as  yet  not  clear.  Possibly  the  small  angle  of  acceptance 
of  the  photoelectrons,  combined  with  intensity-dependent  angular  distributions, 
plays  a  role. 

3.3.  Ouaiiti Tafioc  flu’ctg 

As  regards  more  quantitative  descriptions,  we  already  mentioned  the  calcula¬ 
tion  by  Reiss  [6],  which  is  based  on  c  revision  of  the  Keldysh  approximation. 
Although  limited  to  systems  with  short-range  potentials  (e.g.  H') ,  the  predic¬ 
tions  are  remarkable  close  to  a  number  of  the  later  observations,  as  listed  in 
3,1,  including  the  upward  shift  of  the  I.P.  with  J  a2.  The  next  non-perturbative 
approach  was  that  of  Muller  and  Tip  [11,12],  who  treated  the  exactly  soluble 
case  of  a  one-electron  atom  in  a  circularly  polarized  field.  A  nume’'ical  evalua¬ 
tion  for  a  zero-range  potential  (fig.  5)  gave  results  which  repr":' ice  the  essen¬ 
tial  features  of  the  experiment. 

Three  more  recent  theories  [15-17]  basically  replace  the  N-photon  ground 
state-to-continuum  step  by  some  effective  coupling,  and  then  treat  the  interac¬ 
tions  in  the  continuum  to  all  orders  in  the  intensity.  Spectral  distributions 
and  orders  of  non-linearity  are  obtained  by  making  simplifying  assumptions  with 
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FIELD  STRENGTH  a  (AU) 


FIGURE  5 

Calculated  rates  for  absorption 
of  5  to  10  photons  by  a  zero- 
range  potential  model  atom,  as 
function  of  field  strength.  A 
minimum  of  5  photons  is  needed 
to  ionize.  Arrows  indicate  field 
strengths  at  which  AC  Stark 
shift  pushes  the  ionization  po¬ 
tential  beyond  5,  resp.  6  times 
the  photon  energy.  The  dashed 
curve  represents  the  total  rate 
and  has  order  of  non-linearity 
close  to  five. 


regard  to  the  CC  matrix  elements,  such  that  the  equations  governing  the  time 
evolution  of  the  multiphoton  process  become  analytically  soluble.  The  assumption 
is  that  the  CC  matrix  elements  can  be  factorized  into  a  product  of  two  terms: 


-  yj  D  I  y^.  '■  =  f(f.)  .  g{t ') 


(2) 


The  simplest  and  most  elementary  of  these  theories,  by  Deng  and  Eberly  [151,  sup¬ 
poses  that  both  f  and  g,  and  therefore  all  CC  matrix  elements,  are  constants.  CC 
transitions  then  connect  an  infinite  set  of  structureless  continue  as  a  linear 
chain,  the  first  continuum  of  that  chain  being  connected  to  the  ground  state  by 
an  effective  coupling  proportional  to  I^. 

This  model  gives  rise  to  an  ionization  rate 


^  k  '^k+l 


describing  the  couplinq  between  continue  k  and  k+1.  For  all  Z  equal,  can  be 
shown  to  behave  as  for  large  I,  i.e.  in  close  agreement  with  the  observed 
jlOil  (for  |\|=ii).  When  Z  varies  with  k,  it  turns  out  that  the  lowest  transition 
which  saturates,  i.e.  for  which  Z>1  (see  also  3.2),  acts  as  a  bottleneck  for 
the  order  of  non-linearity  of  the  ATI  process.  Since  in  real  atoms  the  first  CC 
matrix  elements  are  usually  the  largest,  these  transitions  saturate  first  and 
thus  block  the  growth  of  the  order  of  non-linearity. 

The  paper  by  Edwards  et  al.  [16]  deals  with  general  forms  of  f  and  g  in  eq. 

(2)  and  justifies  the  use  of  only  a  single  'staircase'  of  continue  when  using 
circularly  polarized  light.  Again  they  find  orders  of  non-linearity  of  approxi¬ 
mately  N-J  at  large  I,  for  all  peaks  in  the  ATI  spectra  except  the  first.  The 
behaviour  of  the  first  peak  depends  strongly  on  the  coupling  with  the  bound 
state  (observed  value  7.7  (71).  A  similar  approach  by  Bialynicka-Birula  [17] 
treats  the  effect  of  more  bound  states,  including  resonances  between  them,  and 
the  splitting  of  the  electron  peaks  due  to  Rabi  oscillations. 

Although  successful  in  explaining  the  orders  of  non-linearity,  the  three 
papers  have  the  serious  shortcoming  that  approximation  (2)  is  unrealistic:  CC 
matrix  elements  are  known  to  behave  as  l/(c  -i:')2.  This  strong  singularity  of 
the  interaction  with  the  field  gives  rise  to  interesting  effects  near  the  I.P., 
which  the  three  theories  lack.  Indeed,  the  first  even  lacks  the  threshold  itself. 


Note  that  it  is  this  singularity  which  in  the  work  of  Muller  and  Tip  [12]  leads 
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to  the  shift  of  the  I.P.  and  its  pronounced  consequences. 

3.4.  ExpeAtment  in  pAogAesi 

We  conclude  this  section  by  mentioning  present  efforts  at  the  FOM-Institute 
to  measure  ATI  in  a  'pure'  case,  i.e.; 

'  using  atomic  hydrogen  as  a  target,  for  which  exact  calculations  are  feasible- 
-  performing  two-colour’  excitation;  a  weak  3<i.i  transition  to  the  3p  level, 

VAG  frequency ionization,  so  including  ATI,  ,^2  being  the  fundamental 

detuning  ui  from  exact  zero-field  Su)  resonance,  and  bringing  the  process 
back  into  resonance  by  the  AC  Stark  shift  of  the  3p  level  due  to  the  -j?  beam. 
The  specific  ug  intensity  which  then  produces  ionization,  can  be  calculated 
exactly  from  the  accurately  known  AC  Stark  shift  parameter  of  the  3p  level  for 

expei-iment  on  Xe  (fig.  6)  shows  many  of  the  desired  characteristics,  ex- 
occurs  to  the  dense  region  of  Rydberg  states,  where 
broadening  precludes  selection  of  a  single  level.  It  is  worth  noting 
that  the  ug  beam  couples  a  chain  of  continua  not  only  by  absorption,  i  e 

+nui2),  but  also  through  stimulated  emission,  starting  from  an  4ui  conti- 
nuum:  +  (^2 )  • 

Finally,  the  atomic  hydrogen  target  has  already  been  used  in  a  one-colour 

as  that  of  fig. 

Zb  loc  Xe,  yields  a  (4+1 )/4  photon  ionization  ratio  of  ( 1 .6±0. 21x10-6  per  GW 
wZ+n  provide  a  stringent  test  for  theory,  as  it  is  not  sub- 

in  a  iLer  fo^^  uncertainties  in  averaging  over  a  wide  intensity  distribution 


FIGURE  6 


Electron  energy  spectrum  of  (3oi  +ni>i2)  and  (Auijimuig)  processes  in  Xe  The 
two  series  be  ong  to  the  P3/2  ion  stite;  one  P1/2  transition  is  Indicted 
separately,  while  4<oi,  P,y2  is  visible  as  a  shoulder  on  the  2.8  eV  peak 
'i0l-2  S  cri“2  ^  intensity  of  .2  approxt. 


4.  CONCLUSION 


Summarizing,  we  note  that: 
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-  in  the  low-intensity  regime,  ATI  is  quantitatively  accounted  for  by  perturba¬ 
tion  theory; 

-  in  the  high-intensity  regime,  behaviour  of  the  total  intensity  rate  with  ~ 

P  does  not  imply  lowest-order  perturbation  theory  is  applicable; 

-  most  of  the  ATI  features  obtained  with  ns  pulses,  like  peak  positions,  widths, 
spectral  envelopes  and  orders  of  non-linearity,  can  be  understood  semi -quanti¬ 
tatively  ; 

-  some  features  in  ps  experiments  still  require  further  study. 
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Recent  results  on  single,  double  and  triple  ionization  of  alkaline-earth 
atoms  irradiated  by  intense  picosecond  pulses  are  reported.  For  single 
ionization,  features  characteristic  of  two-electron  atoms  multiphoton  ioni¬ 
zation  are  emphasized  :  intermediate-resonance  with  bound  two  electron  states, 
resonances  with  autoionizing  states  either  as  final  states  or  as  interme¬ 
diate  states.  For  double  ionization,  observations  confirm  that  the  most 
probable  mechanisms  are  stepwise,  resonant  processes.  For  triple  ioniza¬ 
tion,  results  are  compared  with  similar  findings  in  rare  gas  ionization 
as  well  as  in  double  ionization  of  alkali. 


1.  INTRODUCTION 

Experimental  studies  of  multiphoton  ionization  of  complex  atom  are  as  old 
as  the  field  of  multiphoton  ionization  itself  since  rare  gases,  for  instance, 
were  among  the  first  targets  used  in  experiments  (1).  However,  multiphoton 
ionization  of  such  atoms  was  found,  suprisingly  enough,  to  behave  as  predicted 
on  the  basis  of  one-electron  models.  For  example,  resonances  with  intermediate 
one-electron  states  (2)  as  well  as  power  dependence  compatible  with  such  a 
simple  model  (3)  were  observed.  Recent  studies  of  the  photoelectron  energy 
spectra  have  somehow  complicated  this  simple  picture  by  showing  that  the 
ejected  electron  could  keep  absorbing  photons  in  the  continuum'part  of  the 
spectrum  (above  the  ionization  limit  :  a  process  called  Above-Threshold 
Ionization  (4),  (5)).  But,  even  in  the  presence  of  this  higher  order  process 
there  was  no  evidence  of  any  "core"  excitation,  i.e.  that  more  than  one  electron 
was  involved  in  the  transition. 

The  discovery  that  alkaline-earth  atoms  could  be  doubly  ionized  (6),  (7)  and 
that  rare  gases  could  be  ionized  up  to  the  complete  stripping  of  the  outer-shell 
(8),  (9),  with  a  relatively  small  increase  of  the  laser  intensity,  was  the 
starting  point  of  new  investigations  in  multiphoton  ionization  of  complex 
atoms.  Even  in  the  simplest  case  of  single  raultiphoton  ionization  of  an  alka¬ 
line-earth  atom  it  can  be  realized  that  new  processes  involving  some  core 
excitation  can  be  expected  :  intermediate  resonance  with  bound'two-electron 
states,  resonances  with  autoionizing  states  (i.e.  two-electron  states  imbedded 
in  the  continuum)  either  as  final  states  of  the  ionization  or  as  intermediate 
states  in  higher-order  transitions.  In  all  cases,  new  interference  effects  have 
been  predicted  (10).  Regarding  the  double-ionization  of  alkaline-earth  atoms, 
from  experiments  on  Ba,  Sr  and  Eu  (6)  it  could  be  concluded  that  it  was  a 
"direct"  multiphoton  process  driving  the  two  electrons  from  the  ground  state 
up  to  the  second  ionization  limit  through  two-electron  excited  states.  However, 
other  experiments  on  Sr  (7)  lead  to  the  opposite  conclusion  that  it  was  mainly 
a  "stepwise"  process.  In  this  paper,  we  report  recent  results  on  multiphoton 
ionization  of  Ca  and  Sr  with  intense  picosecond  laser  pulses  using  both  ion 
detection  and  electron  energy  analysis.  The  results  are  divided  in  three  main 
sections  after  a  brief  description  of  the  experiment.  Thus,  Section  3  is 
dealing  with  single  multiphoton  ionization  of  Sr  when  the  two-outer  electrons 
are  involved.  In  Section  4  we  summarize  our  observations  on  double  ionization 
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Of  Ca  and  Sr  and  show  that,  in  most  cases,  it  is  a  stepwise  (or  resonant) 
process.  Finally,  in  Section  5  we  present  and  discuss  briefly  preliminary 
results  on  triple  ionization  of  Ca. 


2.  EXPERIMENT 

The  primary  laser  source  used  in  these  experiments  is  a  Quantel  picosecond, 

10  pps,  oscillator/amplifiers  system.  It  has  been  used  either  directly  at 
1060  nm  and  530  nm  or  as  a  pumping  source  for  a  synchronously  pumped  oscillator/ 
amplifier,  Fourier-limited,  dye  laser  (11).  This  system  provides  after  focus¬ 
sing  (f  =  100  to  200  cm)  intensities  up  to  10^3  W.cm"2  at  1060  nm,  3.1012  w.cm-2 
at  530  nm  and  1012  w.cm"2  between  557  nm  and  585  nm,  the  tuning  range  of  Rhoda- 
mine  6  G.  The  target  is  an  atomic  beam  effusing  from  a  resistively  heated  oven. 
Ions  are  analyzed  in  a  time-of- flight  charge  spectrometer  while  electron- 
spectroscopy  is  performed  in  a  combined  time-of-fl ight/retarding  potential 
spectrometer  (12).  The  average  power  of  the  laser  is  stabilized  to  within  +  5  % 
while  tuning  and  data  acquisition  are  computer  controlled. 


3.  MULTIPHOTON  SINGLE  IONIZATION  OF  STRONTIUM 

Fig.  1  shows  the  Sr'^  ion  signal  as  a  function  of  the  laser  wavelength  between 
559  and  567  nm.  The  resonance  at  560.7  nm  can  be  assigned  to  the  two-photon 
resonance  with  the  5p2  state  (13),  (14).  Upon  the  absorption  of  a  third 
photon,  either  a  continuum  5s  el  or  configurations  with  a  5p  or  4d  core  (due 
to  electron  correlations)  can  be  reached.  This  illustrates  the  simplest  "core"- 
excitation  effect  in  multiphoton  ionization  of  an  alkaline  earth,  namely  a 
resonance  with  a  bound  two-electron  state.  These  resonance  can  be  Stark- 
shifted  by  the  laser  field  in  much  the  same  way  as  single-electron  states  as 
shown  on  Fig.  2  where  the  shifts  of  the  two-photon  resonances  with  the  5p3 
and  5s  5d  ifiy  can  be  compared.  The  resonances  A,  B,  C,  D  on  Fig.  1  have  been 
assigned  to  three-photon  resonances  with  autoionizing  states  with  J  =  3  (13), 
lying  above  the  ionization  limit.  These  states  can  autoionize  to  a  5s  cl  conti¬ 
nuum  :  this  is  the  second  "core"-excitation  effect  :  resonances  with  final 
states  in  the  continuum,  which  can  be  sharp  as  in  the  above  mentioned  cases, 
or  much  broader  (6)  depending  on  the  autoionizing  rate  of  the  state.  In  theory, 
this  rate  can  be  strongly  modified  by  interferences  between  the  configuration 
interaction  and  the  dipole  coupling  to  the  same  continuum  (10).  However  no 
experiment,  so  far,  has  been  able  to  demonstrate  this  effect.  One  of  the  rea¬ 
sons  for  this  failure  might  be  that  the  autoionizing  state  is  also  coupled  to 
other  continue  by  absorption  of  one  more  photon.  For  instance  states  belonging 
to  the  5p  nl  and  4d  nl  configurations  can  be  coupled  to  5p  cl  and  4d  cl  conti- 
nua,  thus  leaving  the  ion  in  the  excited  states  iP]/Z,3/2  or  403/2,5/2 
respectively.  That  such  processes  do  exist  is  demonstrated  by  electron  spectra 
of  Fig.  3  and  Fig.  4.  Fig.  3  shows  an  electron  peak  associated  to  the  process 
labelled  (4)  on  Fig.  6.  This  process  is  identified  not  only  by  the  electron 
energy  but  also  by  the  threshold  behavior  clearly  displayed  on  Fig.  5  (15). 
Furthermore,  the  study  of  the  wavelength  dependence  of  electron  peaks  (4)  of 
Fig.  3  and  (3)  of  fig.  4  shows  that  the  autoionizing  states  reached  upon  the 
absorption  of  the  third  photon  are  inducing  resonances  for  the  four-photon 
absorption  processes  (3)  and  (4)  on  Fig.  6.  This  is  the  third  "core"  excitation 
effect  mentioned  above,  namely  resonance  on  an  intermediate  two-electron  state 
in  multiphoton  ionization  of  alkaline-earth  atoms.  To  conclude  this  section, 
let  us  remark  that  four-photon  ionization  leaving  the  ion  in  the  ground  state 
(process  (2)  on  Fig.  6)  (so-called  Above-Threshold  Ionization  (4),  (12)  is 
much  less  probable  than  the  processes  just  discussed,  as  shown  by  the  small 
component  (2)  in  the  spectrum  of  Fig.  4.  In  other  words,  transitions  involving 
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FIGURE  1  .2 

Sr*  ion  spectrum  taken  at  10  GW. cm 
(full  curve)  and  50  GW.cm"2  (broken 
curve).  The  peak  between  B  and  C  is  a 
two-photon  resonance  with  the  two- 
electron  state  5p2  while  peaks  A, 
B,  C,  D  are  three-photon  resonances 
on  autoionizing  final  states  (13). 


FIGURE  2 

Intensity  effects  on  two-photon  reso¬ 
nances  with  a  two-electron  state 
(5p2  3pq)  and  a  single  electron  state 
(5s  5d  30^). 

the  excitation  of  a  single  electron  above  the  ionization  limit  are  much  less 
probable  than  transitions  involving  two  excited  electrons.  The  reason  for  this 
is  certainly  that  the  single-electron  excitation  channel  (5s2  -  5s5p  -  5snl  - 
5sn'r)  is  less  probable  than  the  two-electron  excitation  channel  (5s2  -  5s5p  - 
5p2  -  nl.n'l')  due  to  the  proximity  of  two-photon  resonances  with  the  5p2  3p 
states  and  of  the  three-photon  resonances  with,  for  instance  4d  4f  states. 
Although  the  transitions  leaving  the  ions  in  excited  states  5P^/2,3/2  ot 
403/2-5/2  (after  absorption  of  four  photons)  imply  the  absorption  of  one  photon 
above’the  ionization  limit,  they  are  of  a  different  nature  than  Above-Threshold 
Ionization  in  single  electron  atoms  (12).  The  probability  of  process  (2)  (see 
Fig.  6)  relative  to  the  three-photoioni-.ition  is  quite  comparable  to  the  cor¬ 
responding  transitions  (5-photon  and  4-photon  ionization  respectively)  observed 
in  Cesium  ( 12) . 

In  conclusion,  it  can  be  said  that  single  multiphoton  ionization  of  Stron¬ 
tium  can  exhibit  several  "core"-excitation  processes.  In  our  case,  it  seems 
that  the  two  electrons  keep  comparable  levels  of  excitation,  rather  than  one 
being  excited  while  the  other  one  remains  a  spectator,  but  the  use  of  other 
wavelengths  could  have  produced  the  reverse  situation,  for  instance  by  reso¬ 
nantly  exciting  Rydberg  states  5s  np.  Finally  it  should  be  pointed  out  that 
photoelectron  spectroscopy  and  laser  tunability  are  very  valuable  tools  in 
understanding  these  processes  since  information  obtained  from  intensity 
variations  is  seldom  unambiguous. 
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FIGURE  3 

Electron  energy  spectrum  taken  at  100 
GW.cm*^.  The  numbers  in  parenthesis 
refer  to  processes  shown  on  Fig. 6. 
(One  volt  acceleration  has  been  added 
to  the  kinetic  energy  of  the  elec¬ 
trons). 


Time  Ins) 


FIGURE  4 

Electron  energy  spectrum  taken  at  2.8 
TW.cm-2  showing  electrons  from  the 
second  ionization  (5)  and  from  ATI  (2) 
(see  Fig.  6). 


4.  MULTIPHOTON  DOUBLE  IONIZATION  OF  CALCIUM  AND  STRONTIUM 

Two  mechanisms  have  been  proposed  from  the  beginning  (see  references  in  (6)) 
to  explain  the  formation  of  doubly  charged  ions  when  an  atom  A  is  irradiated 
by  a  strong  laser  beam  ;  either  a  "direct"  multiphoton  absorption  from  the 
ground  state  of  the  neutral  atom  (A  -►  A^^)  or  a  two-step  process  (A  -<■  A+, 

A+  /\++)  although  it  is  not  always  clear  how  to  experimentally  distinguish 
uetween  the  two  processes  when  a  single  laser  pulse  is  used.  The  intensity 
dependences  of  the  singly  and  doubly  charged  signals  can  sometimes  partly 
answer  the  question  as  in  the  situation  illustrated  by  Fig.  7.  At  532  nm  in 
Calcium  (16)  Ca++  ions  appear  only  for  intensities  higher  than  T.IO'I  W.cm-2 
(average  power  10  mW)  at  which  the  Ca*  ion  signal  is  completely  saturated  ;  it 
means  that  practically  all  the  neutral  atoms  in  the  interaction  volume  have 
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FIGURE  6 

Energy  levels  of  Sr  I  and  Sr  II  rele¬ 
vant  to  the  processes  discussed  in 
Sections  3  and  4. 


FIGURE  5 

Wavelength  dependence  of  component  (4) 
around  5Pjy2  ^nd  thresholds. 


been  ionized  during  the  first  part  of  the  pulse  and  that  Ca**  ions  can  be  formed 
only  from  Ca+  ions.  This  is  clearly  a  two-step  process  although  there  is  still 
not  enough  information  to  know  if  the  Ca'*^  ions  are  in  the  ground  state  or  in 
some  excited  state.  In  principle,  one  could  measure  the  slopes  (d  log  |Ca++|/ 
d  log  P)  to  determine  the  number  of  photons  absorbed  in  the  transition  but  the 
precision  would  not  be  sufficient  for  an  unambiguous  determination.  A  more 
complex  situation  is  met  at  1064  nm  (Fig.  8).  The  two  ions  signals  not  only 
appear  at  the  same  intensity  but  have  comparable  intensity  dependences  and 
amplitudes.  It  can  only  be  said  that  the  double  ionization  probabilities  are 
much  larger  than  what  could  be  estimated  on  the  basis  of  what  has  been  measured 
for  non  resonant  ionization  of  alkali  (for  a  more  quantitative  argument  see 
ref.  (6)).  However  many  reasons  can  be  invoked  to  explain  a  large  cross-section  : 
for  instance  a  resonance  can  occur  in  the  double  ionization  process  and  not  in 
the  single  ionization.  Such  a  resonance  is  shown  on  Fig.  9  obtained  by  scanning 
the  wavelength  of  a  picosecond  dye  laser  (16).  Unfortunately,  due  to  Stark 
shifts  and  broadening  of  the  line,  it  is  not  easy  to  assign  it  without  uncer¬ 
tainty.  In  particular,  it  is  not  possible  to  decide  if  it  is  a  resonance  with 
doubly  excited  state,  as  described  in  Section  3,  or  a  resonance  in  the  ion 
spectrum,  i.e.  between  two  states  of  the  ion*.  In  the  case  of  Strontium,  Fig.  10 
shows  the  Sr**  ion  signal  as  a  function  of  the  laser  wavelength  between  559  and 
567  nm.  They  all  can  be  assigned  to  resonances  in  the  ion  spectrum  either  bet¬ 
ween  ground  state  and  excited  states  (I)  or  between  excited  states  (II)>  OH). 
Additional  proof  of  these  processes  has  already  be  presented  in  Section  3  by 
identifying  the  corresponding  components  in  the  photoelectron  spectra,  namely 
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FIGURE  7 

Intensity  dependence  of  Ca  ion  signals 
at  532  nm. 
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FIGURE  9 

Wavelength  depenoence  of  the  Ca 
signal  at  two  different  intensities. 
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FIGURE  8 

Intensity  dependence  of  Ca  ion  signals 
at  1064  nm. 


components  (5),  (6),  (7)  in  Fig.  4  and  Fig.  6  together  with  the  threshold  depen¬ 
dence  of  Fig.  5.  Therefore,  it  seems  that  the  most  probable  mechanism  producing 
doubly  ionized  Strontium  is  the  following  ;  the  two  outer  electrons  are  excited 
on  low-lying  di-electron  states  by  absorption  of  the  first  three  or  foir  pho¬ 
tons.  These  states  (auto)  ionize  rapidly  towards  continua  5s  cl,  5p  cl,  4d  el 
while  the  remaining  electron  is  removed  by  absorption  of  additional  photons  in 
a  transition  which  can  be  resonant.  Resonances  appearing  in  the  first  step 
(Fig.  1)  do  not  show  up  in  step  (2)  (Fig.  10)  because  of  the  larger  intensity 
used  to  detect  Sr++  ions  (60  GW.cm-2)  which  is  enough  to  saturate  the  spectrum 
of  Fig.  1.  There  is  no  evidence,  so  far,  in  such  experiments  for  the  excita¬ 
tion  of  high  lying  di-eUctronic  states  (double  Rydberg  states)  although  these 
states  have  probably  some  influence  at  least  for  wavelengths  outside  the  ionic 
resonances  (I),  (II)  and  (III)  of  Fig.  10.  Moreover,  resonances  on  double 
Rydberg  states  have  been  shown  (18)  to  be  much  smaller  than  the  ionic  resonances 
like  the  ones  showing  on  Fig.  10.  If  no  special  care  is  taken  to  selec- 
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2^  FIGURE  10 

Sr  ion  spectrum  taken  at  60  GW. cm’  . 
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FIGURE  11 

"Avoided"  threshold  behavior  in  5-6 
photon  ionization  of  Sr+. 


tively  excite  such  states,  the  most  likely  path  towards  double  ionization  is 
the  one  just  mentioned.  Another  way  to  state  this  is  to  say  than  resonant 
processes  like  (1)  +  (5),  (3)  +  (6),  W)  +  (7)  on  Fig.  6  are  dominant  over  non 
resonant  processes  like  the  one  labelled  (8)  (17).  In  order  to  preferentially 
observe  the  latter,  the  best  way  would  be  to  excite  so-called  Wannier  states 
(18),  (19)  but  there  is  no  efficient  scheme  to  do  that,  so  far,  mainly  because 
their  positions  are  completely  unknown. 

In  the  tuning  range  of  Rhodamine  6  G,  the  threshold  at  which  the  5-photon 
ionization  of  5s  S]/2  of  Sr+  becomes  a  6-photon  ionization,  can  be  crossed 
(562  nm).  By  monitoning  the  corresponding  photoelectrons  (peak  (5)  on  Fig.  4) 
as  a  function  of  the  laser  wavelength  one  could  expect  to  observe  a  threshold 
behavior  similar  to  the  one  reported  on  Fig.  5.  The  peak  (5)  should  disappear 
as  soon  as  the  energy  of  5-photons  becomes  large  enough  to  ionize  Sr+  and  be 
replaced  by  a  very  low  energy  component.  Fig.  11  shows  the  experimental  result. 
The  arrow  shows  the  theoretical  position  of  the  threshold,  and  obviously  no 
threshold  behavior  is  observed.  This  interesting  enough  "avoided"-threshold  is 
probably  due  to  Above-Threshold  Ionization  :  the  wavelength  dependence  of  the 
electron  peak  is  expected  to  be  that  of  the  6-photon  cross-section  when  the 
5-photon  intermediate  state  crosses  the  continuum  limit  (15).  Due  to  the  con¬ 
tinuity  of  the  wavefunctions  for  Rydberg  States  when  n  and  continuum 
states  when  k  0  there  is  no  rapid  variation  of  this  ATI  cross-section  when 
crossing  the  continuum  limit  (20).  Here,  due  to  the  high  intensity  used 
(2.8  TW.cm-2)  six-photon  ionization  takes  place  even  when  5-photon  ionization 
is  possible. 


5.  MULTIPHOTON  TRIPLE  IONIZATION  OF  CALCIUM 

We  have  observed  triple  ionization  of  Calcium  for  the  first  time  using  a 
TAG  laser  with  intensities  of  about  1013  w.cm-2  (1064  nm)  and  1012  W.cm-2 
(532  nm)  as  shown  on  Fig.  7  and  Fig.  8.  These  processes  require  respectively 
60  and  30  photons  and  there  is,  so  far,  no  known  mechanisms  to  explain  this 
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ionization.  Since  the  experimental  data  is  very  poor  it  is  very  difficult  to 
guess  a  reasonable  explanation.  We  would  just  like  to  mention  that  ionization 
of  Ca  11  is  comparable  to  ionization  of  Argon  (21)  and  to  double  ionization  of 
Na  and  K  as  observed  in  {22).  Understanding  of  this  process  obviously  require 
more  experiments. 
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Studies  of  multiphoton  ionization  of  atoms  have  revealed  several  unexpected 
characteristics.  The  nonlinear  coupling  of  193  nm  radiation  to  a  range  of 
atomic  and  molecular  materials  has  been  experimentally  explored  up  to  a 
maximum  intensity  on  the  order  of  n,  10^^W/cm^.  On  the  basis  of  observations 
of  ion  charge  state  spectra  and  electron  energy  distributions,  the  experi¬ 
mental  evidence  points  to  an  ordered  atomic  motion  involving  several  elec¬ 
trons,  possibly  an  extire  shell,  as  the  main  physical  mechanism  governing 
the  coupling.  Therefore,  states  representing  miltiple  excitations  appear  to 
play  a  central  role  in  the  coupling,  a  consideration  that  fundamentally  dis¬ 
tinguishes  the  nonlinear  interaction  of  a  multielectron  atom  from  that  of  a 
single-electron  system.  In  the  important  regime,  for  which  the  radiative 
field  strength  E  is  greater  than  an  atomic  unit  (e/aQ),  the  interaction  can 
be  viewed  in  approximate  correspondence  with  the  physics  of  fast 
(-v  10  MeV/amu)  atom-atom  scattering. 


1.  INTRODUCTION 

Studies  of  multiphoton  ionization  involve  the  examination  of  the  general 
class  of  reactions  denoted  by 

Ny  +  X  -<■  x'’'^  +  qe'.  (1) 

Of  particular  significance,  are  the  ion  charge  state  spectra  (X*^^)  and  the  elec¬ 
tron  energy  distributions  produced  in  the  interaction.  Certain  aspects  of  both 
of  these  types  of  data  obtained  with  193  nm  radiation  are  discussed  below. 

Among  the  most  important  results  is  the  finding  that  a  miiltielectron  atom, 
under  intense  irradiation  with  a  coherent  ultraviolet  wave,  having  an  electric 
field  magnitude  on  the  order  of  an  atomic  unit  (e/ap),  exhibits  a  nonlinear 
response  which  is  fundamentally  different  from  that  of  a  single-electron  system. 
Furthermore,  it  can  be  shown  that  the  interaction  has,  in  several  important 
respects,  features  in  common  with  fast  ("v  10  MeV/amu)  atom-atom  and  ion-atom 
collisions(l).  With  the  conclusion  that  a  sufficiently  strong  radiative  field 
can  simulate  the  electronic  environment  corresponding  to  energetic  atomic  en¬ 
counters,  it  follows  that  highly  charged  ions  (2-4)  arising  from  multiple  elec¬ 
tron  ejection  and  inner-shell  (5,6)  excited  states  should.be  directly  produced 
by  atom-field  interaction. 

2.  DISCUSSION  OF  RESULTS 

Multiple  ionization  of  atoms  under  collision-free  conditions  has  been  observed 
to  occur  readily  with  sufficiently  intense  irradiation  at  optical  (3)  and  ultra¬ 
violet  wavelengths  (2,4).  In  particular,  it  was  found  (2,4)  that  the  heavier 
atomic  materials  often  presented  the  strongest  coupling.  In  the  ultraviolet 
studies,  which  were  conducted  at  193  nm,  the  highest  charge  state  observed  was 
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a  species  requiring  the  transfer  of  more  than  630  eV  of  energy(7),  or 
equivalently,  a  minimum  of  99  quanta.  An  an  example  of  the  data  taken  on  ion 
charge  state  distributions.  Fig.  1  exhibits  the  results  obtained  with  atomic 
thorium,  a  material  that  was  studied  with  the  use  of  an  experimental  technique 
involving  laser-induced  evaporation  (8)  to  provide  the  sample. 


TtME-Of-FUQHT  - > 

FIGURE  1 

Time-of-fl ight  ion  spectrum  of  thorium  produced  under  collision-free  conditions 
with  193  nm  radiation  having  a  pulse  width  of  -v  5  ps  and  an  intensity  in  the 
range  of  10“  -  10“  W/cm^.  The  Th'^  peak  is  not  shown.  Impurity  peaks  arising 
from  and  O'^  are  also  evident. 

A  significant  implication  (4)  of  the  ion  production  experiments  was  that  the 
atomic  shell  structure  is  a  principal  determinant  of  the  observed  nonlinear 
response.  Indeed,  the  hint  provided  by  the  role  of  the  shell  structure  led  to 
the  hypothesis  that  it  was  mainly  the  number  of  electrons  in  the  outer  subshells 
t^at  governed  the  coupling.  A  measurement  of  the  response  of  elements  in  the 
lanthanide  region  enabled  this  view  to  be  checked.  As  one  moves  from  La  (Z  =  57) 
to  Yb  (Z  =  70)  in  the  lanthanide  sequence,  aside  from  slight  rearrangements  (9) 
involving  the  5d  shell  for  Gd  (Z  =  64),  4f  electrons  are  being  added  to  interior 
regions  (10)  of  the  atoms.  The  data  showed  (4)  that  for  Eu  (4f’6s^)  and  Yb 
(4f^'*6s^),  which  differ  by  seven  4f  electrons,  these  inner  4f  electrons  play  a 
negligible  role  in  the  direct  radiative  coupling,  a  fact  that  is  in  rapport  with 
the  observed  dependence  on  the  outer-shell  structure. 

A  measurement  of  the  electrons  produced  as  a  consequence  of  the  ionization  is 
also  informative.  In  particular,  on  the  basis  of  studies  (11)  of  the  electron 
energy  distributions  produced  with  193  nm  radiation,  the  excitation  of  inner- 
shell  levels  may  have  been  established  by  the  observation  (5,11)  in  Xe  of  high 
energetic  electron  lines,  which  have  been  tentatively  identified  as  N4500  Auger 
electrons  arising  from  4d  vacancies.  The  Auger  photoelectron  features  appear 
in  the  range  from  8  to  about  40  eV  at  a  laser  peak  intensity  of  -v  lO^'W/cm^. 

The  most  prominent  lines  are  those  associated  with  N450i0i  transitions  of  neu¬ 
tral  xenon  which  terminate  on  the  4d*“5s‘’5p®  double-hole  state.  A  total  of 
eight  electron  lines  is  observed  (5,11),  representing  a  quartet  of  pairs  of 
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transitions,  all  of  which  exhibit  the  known  (12,13)  -  Hds/i  fine  structure 

splitting  in  xenon  of  2  eV. 

The  results  on  the  4d'shell  excitation  in  xenon  are  significant,  since  theore¬ 
tical  results  obtained  by  quantitative  calculations  (14)  based  on  the  time  de¬ 
pendent  Hartree-Fock  method  confirm  (i)  the  fundamental  character  of  the  atomic 
motion,  represented  in  the  analogy  with  fast  atom-atom  collisions  (1,15-17),  and 
(ii)  provide  quantitative  agreement  as  well.  For  the  latter,  the  intensity 
levels  at  which  4d  Auger  electrons  should  be  observable  in  xenon  correspond, 
within  a  factor  of  approximately  two,  for  both  (1,6,14)  theoretical  approaches. 
Importantly,  these  results  are  also  in  accord  with  the  experimental  figure  (5,11) 
to  within  the  same  rather  small  level  of  uncertainty. 

The  Xe  electron  energy  spectrum  exhibits  another  salient  change  with  increas¬ 
ing  intensity  of  the  193  nm  radiation  in  the  range  of  10'^''  to  10^^  W/cm^.  The 
first  ionization  line,  which  corresponds  to  two-photon  absorption  with  a  corres¬ 
ponding  photoelectron  energy  of  0.7  eV,  nearly  disappears,  while  the  three- 
photon  process,  arising  from  continuum-continuum  transitions  (18-20)  develops 
greater  strength.  The  suppression  of  the  lowest  order  photoelectron  line  can  be 
understood  as  arising  from  the  influence  of  the  pondermotive  potential  (19-22) 
and  predicts  that  the  0.7  eV  line  in  xenon  should  vanish  at  an  intensity  (21) 
of  2  X  10’-'*  W/cm^ ,  a  value  in  reasonable  agreement  with  the  experimental  figure 
(5,6,11). 

Another  important  characteristic  of  the  0.7  eV  feature  is  the  width  of  the 
line  in  the  range  of  intensity  below  2  x  10^'*  W/cm^,  since  that  line  breadth  can 
be  interpreted  in  terms  of  the  lifetime  of  the  excited  atomic  level  that  is  im¬ 
bedded  in  the  ionization  continuum  at  the  energy  corresponding  to  two  193  nm 
quanta  12.8  eV).  This  width,  which  is  measured  (11)  to  he  ^  0.2  eV  with  an 
instruiTiental  resolution  (5,11)  of  "v  4  x  10‘^eV,  corresponds  to  a  lifetime  of 
T  3.3  X  10"^®  sec,  a  duration  on  the  order  of  n.  5  periods  of  the  ultraviolet 
wave.  This  lifetime  x  can  be  compared  with  the  one  estimated  from  the  transi¬ 
tion  rate  calculated  (23)  by  standard  perturbation  theory  for  two-quantur  ,,5- 
sorption  at  193  nm  in  xenon.  At  an  intensity  of  "v  10^'*  W/cm^ ,  the  lifetime  that 
results  is  1.2  X  10'^^  sec,  a  value  approximately  three  times  shorter  than 
that  characteristic  of  the  measured  width  (11)  at  the  comparable  intensity  of 
irradiation. 

On  the  basis  of  the  observation  of  Auger  lines  in  the  electron  spectrum 
characteristic  of  the  neutral  atom  and  the  disappearance  of  the  lowest  order 
photoelectron  feature  at  0.7  eV,  it  appears  that  a  considerable  fraction  of  the 
neutral  atoms  in  the  focal  volume  of  the  193  nm  laser  beam  are  exposed  to  the 
peak  intensity  of  the  laser  pulse  (21). 

3.  MECHANISM  Oi  '■LING 

From  an  analysis  of  the  data  now  at  hand,  the  following  hypothesis  can  be 
considered  as  an  approximate  description  of  the  basic  character  of  the  elec¬ 
tronic  motions  involved  in  these  processes.  Overall,  the  data  strongly  indi¬ 
cate  that  an  organized  motion  of  an  entire  shell,  or  a  major  fraction  thereof, 
is  directly  involved  in  the  nonlinear  coupling.  With  this  picture,  the  outer 
atomic  subshells  are  envisaged  as  being  transiently  driven  in  coherent  oscilla¬ 
tion  by  the  intense  ultraviolet  wave.  With  this  type  of  electronic  motion,  the 
observed  increase  in  the  multiphoton  coupling  strength  can  be  qualitatively 
correlated  (4)  with  the  larger  magnitude  of  the  effective  charge  involved  in  the 
interaction.  In  quantum  mechanical  language,  an  oscillating  shell  wou’ 1  be  re¬ 
presented  by  a  wave  function  of  a  multip'y  excited  configuration. 

The  coherence  of  the  electronic  motion  in  the  outer  region  of  the  atom  has 
important  consequences  for  the  coupling  of  energy  to  atomic  inner-sheils.  In 
terms  of  a  simple  model,  it  has  been  possible  to  describe  this  interaction  (1) 
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by  correspondence  with  certain  properties  of  fast  atom-atom  collisions  (15-17). 
Formulated  in  this  way,  the  atomic  inner-shell  interaction  can  be  viewed  as  a 
form  of  dynamic  configuration  interaction  in  which  the  fields  of  the  partici¬ 
pating  outer  electrons  sum  constructively.  Constructive  addition  naturally 
results  if  the  scale  of  the  momentum  transfer  fiq  communicated  in  the  interaction 
is  sufficiently  small  so  that  the  length  fi/aq  is  greater  than  the  spatial  scale 
of  the  scattering  system.  The  physical  origin  of  this  effect  is  the  same  as 
that  which  generates  the  coherent  forward  scattering  (24)  observed  in  nuclear 
collisions  (25). 

4.  CONCLUSIONS 

Basic  physical  studies  of  collision-free  nonlinear  atomic  processes,  through 
an  analysis  involving  combined  measurement  of  ion  charge  state  distributions 
(2,4),  photoelectron  energy  spectra  (5,11),  and  photon  spectra  (6,26-28)  arising 
from  intense  ultraviolet  irradiation,  nave  produced  data  that  stronyly  indicate 
that  multielectron  atoms  respond  in  a  manner  basically  different  from  single¬ 
electron  counterparts.  The  confluence  of  the  evidence  suggests  that,  under 
appropriate  circumstances,  the  outer  atomic  subshells  can  be  driven  in  coherent 
oscillation,  and  this  ordered  electronic  motion  can,  by  direct  intra-atomic 
coupling,  lead  to  the  rapid  excitation  of  atomic  inner-shell  states.  Quantum 
mechanically,  such  states  of  motion  for  the  outer-shell  electrons  would  be  des¬ 
cribed  by  multiply  excited  configurations.  Two  direct  consequences  of  this  type 
of  motion  are  (i)  that  the  maximum  magnitude  of  the  oscillating  intra-atomic 
electric  field  can  approach  several  atomic  units,  since  the  fields  of  all  the 
participating  outer  electrons  combine  constructively,  and  (ii)  that  the  harmonic 
content  of  the  resulting  field  can,  because  of  the  nonlinear  character  of  the 
electron-electron  1/r*  coulombic  interaction,  become  large.  A  strong,  highly 
nonlinear  coupling  to  the  atom  results,  and  enhanced  rates  of  nonlinear  absorp¬ 
tion  leading  to  multiple  ionization  and  inner-shell  excitation  are  expected. 

In  the  near  future,  ultraviolet  laser  technology  will  enable  basic  physical 
studies  to  be  performed  in  the  10^“  -  10^*  W/cm^  range  with  pulse  lengths  on 
the  order  of  10"^’  sec.  At  such  an  intensity,  the  peak  electric  field  of  the 
coherent  driving  wave  approaches  the  unprecedented  value  of  'v  100  e/a^.  In  such 
an  extreme  environment,  it  is  likely  that  physical  processes  never  previously 
observed  will  be  detected.  This  would  include  certain  mechanisms  involving  the 
production  of  electron-positron  pairs  (1). 
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Multiphoton  stripping  o+  atoms  seems  to  concern  only  outershell  electrons.  The 
+ormation  of  multicnarqed  ions  results  from  the  competition  of  direct  and 
steowise  processes.  The  pulse  duration  and  the  number  of  photons  involved  are 
the  essential  parameters.  Depending  on  the  intensity  required  to  saturate  sin¬ 
gle  ionisation,  different  behaviours  are  observed:  in  weak  field,  resonance 
structure  Is  observed*  in  strong  field,  the  memory  of  the  energy  spectrum 
seems  to  be  "lost"  except  for  the  character  l  st  I  cs  of  the  initial  state.  fhe 
distribution  of  charge  states  can  be  calculated  from  the  knowledge  of  io¬ 
nisation  potential  and  electronic  orbital  size. 

1  INlh'ODUCT  IDN 

^ol•matlo^.  of  multiply  charged  ions  bv  multiphoton  absorption  is  observed 
When  an  atom  is  irradiated  bv  a  strong  light  field,  tvidence  of  this  process 
has  been  given  ten  years  ago  by  pioneer  experiments  on  alkaline  earths  and  ra¬ 
re  earths  '.1>.  fhe  simultaneous  emission  of  singly  charged  and  doubly  charged 
lens  lias  been  detected  for  Strontium  'l».  Barium  •;2),  buropium  (3)  excited  by 
a  Neodymium  yhG  laser  delivering  nanosecond  pulses  of  intensity  up  to 
I'.'**  Ui  at  cm"‘.  In  the  same  conditions,  no  doubly  charged  ions  have 
beer,  detected  tor  samarium  U;,  Calcium  ^5»,  Magnesium  and  Lead  (3>.  Following 
this  first  experiment,  several  studies  on  Barium  to-vi  and  Strontium  (lu-13,) 
nave  crovided  a  number  oi  results  on  the  behaviour  of  alkaline  earths  excited 
D/  nanosecond  light  pulses.  Additional  informations  have  been  given  by  recent 
experiments  using  picosecond  pulses  ‘14,15>.  Man/  results  obtained  for  nanose¬ 
cond  pLi.sss  excitation  have,  in  fact,  been  confirmed  by  the  latter  work.  Qua¬ 
il  t  at  i /el  y,  the  behaviour  of  alkaline  earths  is  very  similar  to  the  behaviour 
Of  aiktoiis  and  reflects  the  typical  features  of  multiphoton  processes  in  atoms 
e  cjfe;’  b>  a  light  field  of  moderate  intensity 

hne^ntiv.  a  senes  or  experiments  carried  out  on  noble  gases  and  some  other 
compie  ■Hioms  he« /e  shed  a  new  light  on  multiphoton  stripping  of  atoms.  For  no- 
oic  gs^ses.  se  eraj  charge  states  are  observed  :up  to  five  for  excitation  by  a 
Necd/mium  mu  laser  or  a  LU^  laser  *.23,241,  up  to  eight  for  U.V.  exci¬ 
tation  b.  an  exrimer  laser  125-261.  However,  for  Laesium,  only  the  singly 
cr.arged  ion  is  obtained  even  if  the  intensity  is  increased  up  to  lu*"*  N  cm'-^. 
L;perimentai  data  show  that  the  intensity  required  to  remove  several  electrons 
1=  tiardl  /  iat  aer  than  the  intensitv  required  to  remove  one  electron,  as  long 
as  outef shell  electrons  are  concerned.  However,  the  range  of  intensity  requi¬ 
red  for  observation  of  single  ion  varies  strongly  with  atoms.  As  we  shall  dis¬ 
cuss  Uf  .ie.;t  section  .the  etfitientv  of  excitation  can  be  characterised  bv  the 
saturation  intensities  le'.ti  for  a  pulse  of  duration  t.  For  picosecond  pulses 
delivered  bv  a  Neoovmium  rnb  laser,  saturation  intensities  are  of  the  order  ot 
1'.**  w  cm“'  for  ailaiis  and  alkaline  earths,  a  few  lu**  w  cm"-^  tor  noble  ga¬ 
ses. 

tor  ail  the  species  studied,  everything  happens  as  if  onlv  outershell  elec¬ 
trons  were  involved  in  multiphoton  absorption  process.  However,  strong  diffe¬ 
rences  between  two  outershell  electron  atoms  and  more  complex  atoms  appear 
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whicn  are  related  to  the  difference  in  intensity  required  tor  ionisation.  Two 
types  Of  behaviour  are  observed: 

-  a  “weaV:  field**  behaviour  which  reflects  the  detail  of  the  energy  spectrum 
and  can  be  analysed  in  the  frame  worl'  of  perturbation  theory, 

-  a  “strong  field"  behaviour  where  the  memory  of  the  atomic  spectrum  seems  to 
be  "lost  '  e.'jcept  for  the  characteristics  of  the  initial  state  ^energy  and  size 
of  the  electronic  orbitalsj. 

In  next  sections,  we  shall  present  both  points  of  view  and  discuss  what  itecha- 
nisms  can  be  considered  as  responsible  tor  the  formation  of  multicharged  ions, 
host  observations  on  alkaline  earths  correspond  to  a  "weak  field"  behaviour 
while  most  observations  on  noble  gases  correspond  to  a  strong  field  behaviour. 
However,  both  points  of  view  must  be  considered  for  a  better  understanding  of 
all  experimental  data. 


J  hULllk'HDTON  SlftlPPING  IN  WEAK  FIELD 

in  the  dressed  atom  picture,  the  ©volution  of  the  system  atom  plus  field  is 
governed  by  the  Hamiltonian  H  «  Ho  +  V  ,  where  Ho  *  Ha  +  Hf  .  Hr  is  the  field 
Hamiltonian.  V  is  the  atom  field  interaction.  Ha  is  the  atomic  Hamiltonian:  Ha 
describes  the  interaction  of  the  nucleus  plus  its  Z  electrons  and  thus,  the 
enerqv  spectrum  ot  Ha  contains  the  states  of  the  neutral  atom  as  well  as  the 
states  Of  multicharged  ions  plus  ejected  electrons,  fhe  resolvent  of  the  un¬ 
perturbed  svstem  IS  bot2>  -  .  Ihe  initial  state,  ig  ,  is  the  neutral 

atom  dressed  bv  photons,  its  enerqv  is  E^.  ihe  transition  prooabilitv  to 
state  J  f  ^  is  01 ven  ov 

l  gi  7  if  ^l-'  (li 

q 

;n  tr.is  formula,  if  is  supposed  to  be  a  continuum  state  with  energy  E^,  that 
:e  an,  state  above  the  first  ionisation  threshold  dressed  by  the  suitable  num¬ 
ber  ot  photons,  when  perturbation  theory  is  applied  at  minimum  non  vanishing 
order,  oniv  the  lowest  term  ot  V  expansion  is  Vept  in  tq.l,  q  is  then  the  mi¬ 
nimum  number  of  photons  required  for  energy  conservation,  tor  an  atom  with  io¬ 
nisation  potential  to,  irradiated  by  a  light  field  ot  frequency  the  minimum 
number  of  photon  absorption  required  for  single  ionisation  is  n,  the  integer 
par't  of  to'Rv.*!.  ionisation  probability  calculated  at  minimum  non  vanishing 
order  i=  obtained  bv  taking  for  tf  ,  the  singly  charged  ion  in  ground  state 
and  an  electron  ot  enerqv  nhw-to.  Ht  order  q  n,  different  types  of  terms  ap¬ 
pear  in  tq.l.  fransition  probabi 1 i ti es  for  Hbove  Threshold  Ionisation  are  ob¬ 
tained  bv  taking  for  it  the  sinqlv  charged  ion  in  ground  state  and  an  elec¬ 
tron  with  enera.  int q ■  another  possibility  for  if,-  is  the  singly  charged 

ion  in  e  cited  state  with  energy  t„  and  an  electron  with  kinetic  energy 
the  corresponding  processes  lead  to  single  ionisation.  One  can  also  take  tor 
It  a  state  belonging  to  a  continuum  ot  miritiple  ionisation.  Mil  the  probabi¬ 
lities  mentionned  above  correspond  to  competing  processes  which  lead  to  the 
depletion  ot  the  ground  state  of  neutral  atom.  Unce  an  ion  has  been  created. 
;t  interacts  with  the  light  field  and  mav  eiect  one  or  more  electrons  after 
mjltipncton  absorption.  Ihe  probabilities  for  such  processes  are  calculated  by 
erjuations  similar  to  tq.  1. 

for  the  rake  ot  simpjicitv,  we  shall  neglect  the  formation  of  ions  in  exci¬ 
ted  states.  It  IS  *'.hus  possible  to  calculate  a  set  of  probabilities  F'.*, ;  1) , 
with  b,  correspondinc  to  the  transition  ihe  probabi  1 1 1 1 es  for 

an  atom  td  te  neutral.  No.  or  m  charge  state  q.  N,,  at  time  t,  are  governed 
b.  rate  equations  in.clvinq  the  probabilities  defined  above 
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No 


<h'oi  Poa?  +.  •  •  >  No 


(2a) 


Nt  ®  Pol  No  “  (Pi3f 


+.  .  .  )  Ni 


(2b) 


the  hierarchy  o+  tqs.^  can  be  solved  formally  for  any  pulse  shape.  However,  in 
order  to  understand  the  most  important  features  of  the  process,  we  shall  dis¬ 
cuss  the  solution  of  Eqs.2  under  some  simplifying  assumptions.  We  suppose  that 
the  P's  are  calculated  by  perturbative  treatment  at  minimum  non  vanishing  or¬ 
der  and  thus  the  following  treatment  will  be  valid  for  moderate  intensities 
oniv.  for  the  safe  of  simplicity,  we  consider  a  rectangular  pulse  shape  with 
duration  t,  the  solution  of  bq.^a  is 

No  =  e>jpi-(Poi  f  Po2  +...)t)  (3) 

from  bq.3,  we  define  the  saturation  intensity  for  single  ionisation,  la  by 

(PoiUs>  +  PozUsJ  +...)  X  =  1  (4) 

for  intensities  1m  smaller  than  Is,  the  solution  of  fcqs.2  reduces  to 

Nj (t  >  =  Poi  t 

Nait)  =  Po2  t  +  Poi  hi2  t‘^/^  (5) 

M3<t)  =  h'os  t  +  (Po.  P',3  P'OZ  P'33  )  t^/2  +  Poi  P',3  P'*3  t^/6 


(he  time-'dependence  reflects  the  nature  of  the  contribution  to  each  Ns  contri¬ 
bution  Of  direct  process  is  proportional  to  t,  contribution  of  two-step  pro¬ 
cess  is  proportional  to  contribution  of  three-step  process  is  proportional 

to  t^.  . .  fluiticharqed  ions  are  formed  by  several  competing  processes,  for  dou¬ 
bly  charged  ions,  direct  and  two-step  process  are  possible.  They  correspond  to 
tne  transi 1 1  onsj  «  — >  for  direct  process  and  W  — /  followed  by 

h”  tor  stepwise  prs'-ess.  for  a  given  intensity,  the  ratio  of  the  con¬ 

tributions  ct  both  processes  depends  on  t.  Direct  process  is  favoured  by  short 
pulses,  the  variation  of  doubly  charged  ion  yield  with  the  pulse  duration  has 
been  studied  experimentally  for  xenon  excited  by  the  first  harmonics  of  a  Neo- 
d/miu.7J  /ttG  Jaser  for  5ps  pulses,  Xe'*"*'  is  detected  before  single  ionisa¬ 
tion  saturates,  while  for  ^'wps  pulses,  is  observed  only  tor  an  intensity 

larger  than  saturation  intensity  of  single  ionisation. 

Direct  and  stepwise  processes  do  not  necessarily  involve  the  same  number  of 
photons.  Defining  ti  as  the  energy  difference  between  the  ground  states  of  A'*’ 
and  the  number  of  photons  required  for  direct  process  is  no,  the  integer 

part  Of  (bo+t I ) /hv.f  1 .  the  number  of  photons  required  for  stepwise  process  is 
Ht  f  where  Hi  is  the  integer  part  of  bo/H<.v'+l  and  n*  is  the  integer  part  of 
b,/h^..fl.  In  a  direct  process,  two  eJectrons  are  ejected  at  the  same  time,  sha¬ 
ring  the  energy 


Sd  -  rioh'.,.*  -  bi  (6) 

in  a  stepwise  process,  two  electrons  are  ejected  successively,  the  energy  of 
the  first  electron  being 
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Ihe  energy  of  the  second  one  is 
62  —  —  fc.\ 

It  ei  .  Co,  the  same  numoer  0+  photons  is  involved  in  the  stepwise  and  the  di¬ 
rect  process:  no=ni+n2.  If  6%  is  already  larger  than  eo,  the  second  step  re¬ 
quires  one  more  photon  and  ni+n^sno+l.  In  the  latter  case,  the  competition 
between  direct  and  stepwise  processes  is  also  the  competition  between  two  pro¬ 
cesses  of  different  order.  In  weal;  field,  the  most  probable  process  is  cer- 
tainiy  the  one  requiring  the  smallest  number  of  photons. 

Ihere  is  a  more  fundamental  difference  between  direct  and  stepwise  proces¬ 
ses  which  15  related  to  the  coherence  of  sucessive  photon  absorptions  in  a 
multiphoton  process.  In  a  direct  process,  n©  photons  are  absorbed  simultaneou- 
slv.  In  a  stepwise  process.  n»  photons  are  absorbed  simultaneously  and  then, 
at  anv  time  later  in  the  pulse,  n^  photons  are  absorbed  simultaneously.  It  is 
possible  to  study  coherence  properties  of  muitiphoton  absorption  by  using  pul¬ 
ses  with  different  statistical  properties  t34).  It  has  been  shown  that  the  ion 
^aeld  obtained  with  chaotic  light  is  larger  than  the  ion  yield  obtained  with 
coherent  light  by  a  factor  of  n!  for  a  n-photon  proce-ss.  in  the  same  way,  dif¬ 
ferent  enhancements  are  expected  for  direct  and  stepwise  processes:  nd  and 
r.i’n^'  respectively,  both  processes  could  be  distinguished  by  another  method; 
the  study  of  time  correlation  between  emitted  electrons. 

In  the  previous  discussion,  we  have  considered  that  the  intensity  was  weak 
enough  for  a  perturbative  treatment  at  minimum  non  vanishing  order  to  be  va¬ 
lid.  Ihe  validity  of  this  assumption  can  be  tested  by  measuring,  for  each  pro¬ 
cess.  the  effective  order  of  non  linearity,  H.  In  a  log-log  plot,  k  is  the 
slope  Of  the  curve  qiving  the  number  of  ions  in  charge  state  q  as  a  function 
Of  the  field  intensity- 


labie  i: 


tttective  order 

ot  noni ineeritv 

•  tor  sinqle 

ionisation. 

species 

Hi 

1 

frequency  tem"*  * 

reference 

ba 

b 

4.uty.  1 

V45(.i 

3 

br 

c 

b.  Of  0.2 

9450 

3 

tu 

c 

u 

b. 0*0.2 

9450 

3 

La 

6 

S.Vl’J.  1 

9450 

3 

Mg 

} 

b.OfO,3 

9450 

3 

Pb 

; 

b.9f0.2 

V450 

3 

Sr 

b 

5,6±1 

9395 

11 

sr 

b 

5.6*1 

9395 

11 

Sr 

3.5*1 

18790 

11 

Sr 

2. 3*0. 3 

28185 

11 

br 

2 

1.6*0. 4 

37580 

11 

le 

11 

I0,tl±(.i.5 

9395 

17 

Kr 

13 

12.  vt'J.S 

9395 

17 

Ar 

14 

13.6±o. 1 

9395 

17 

Me 

19 

l‘y.±2 

9395 

17 

He 

22 

21 .  ±2 

9395 

17 

;.e 

6 

6. ±0.5 

18790 

19 

Ne 

10 

S',6±U.5 

18790 

19 

MS  shown  by  the  data  given  in  Table  J,  the  effective  order  of  non  linearity 
measured  for  singly  charged  ion  yield  is  approximately  equal  to  the  number  of 
photons  required  for  the  transition  A  — ;  A"*". 
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When  doubly  charged  ions  are  observed,  two  types  ot  curves  are  obtained  de¬ 
pending  whether  they  are  detected  above  or  below  saturation  Intensity  -for  sin¬ 
gle  ionisation.  In  the  latter  case,  one  expects  direct  process  to  occur  and 
the  effective  order  o-f  non  linearity  to  be  equal  to  no  (see  Table  2).  In  the 
former  case,  doubly  charged  ions  are  produced  by  stepwise  process  and  the  ef¬ 
fective  order  of  non  linearity  is  to  be  compared  with  n^  (see  Table 


(able  2: 

tffective  order  of  non  linearity  for  double  ionisation  by  direct  process. 


species 

no 

k 

f requency (cm“* ) 

reference 

Ba 

lb 

2.V 

V45CI 

3 

S' 

lb 

10. 1 

V450 

3 

Eu 

14 

4.V 

9450 

3 

Sr 

lb 

e. 

9395 

11 

Sr 

4 

3.  7 

37580 

11 

xe 

lb 

15. 

1BV90 

20 

1 jb 1 e  3 ! 

t+tective  order 

ot  non  linearity 

for  double 

ionisation  by  stepwise  process. 

species 

na 

k 

trequency(cm''‘^ 

reference 

Sr 

b 

b.  b 

18790 

11 

Ne 

18 

17. 

18790 

19 

(he  structure  of  tq. 1  allows  one  to  relate  the  orders  of  magnitude  of  proces¬ 
ses  involving  different  numbers  of  photon  absorptions.  When  no  interference 
(constructive  or  destructives  occurs,  the  ratio  between  the  probability  for  a 
process  involving  q  photons  and  a  process  involving  q-1  photons  has  a  typical 
order  ot  magnitude  ot  r=lU“**  1,  for  an  optical  frequency  (1  is  expressed  in 
W  cm"*^?.  When  t^bove  (hreshold  Ionisation  or  stripping  is  detected,  it  means 
that  processes  involving  more  than  n  photons  have  become  noticeable.  Due  to 
the  magnitude  of  r,  one  expects  to  observe  high  order  processes  in  two  situa¬ 
tions,  either  the  intensity  is  large,  this  is  the  case  of  experiments  on  noble 
gases,  or  one  of  the  quantum  paths  leading  to  a  high  lying  state  is  enhanced 
by  a  resonance,  this  could  be  the  situation  for  alkaline  earths.  Systematic 
studies  of  ion  yield  as  a  function  of  frequency  have  shown  a  structure  ot  re¬ 
sonances  which  have  not  been  alwavs  identified.  According  to  the  previous  ana¬ 
lysis,  when  direct  process  is  detected,  one  expects  to  observe  resonances  with 
doubly  excited  states  lying  above  the  first  ionisation  threshold.  When  stepwi¬ 
se  process  is  responsible  for  double  ionisation,  resonance  states  should  be¬ 
long  to  the  energy  spectrum  ot  the  singly  charged  ion.  Another  type  of  enhan¬ 
cement  might  be  observed  at  the  transition  between  direct  and  stepwise  pro¬ 
cess.  Let  the  frequency  correspond  exactly  to  the  ionisation  threshold  to 
excited  state  a  of  the  singly  charged  ion.  fhen 

ei  =  g  ,  -  Qfj  and  n*  +  nz  =  n© 

tor  this  channel,  hor  frequency  smaller  than  direct  process  along  this 

channel  dominates;  its  probability  is  proportional  to  and,  thus,  in¬ 
creases  when  tends  to  uj©.  f-or  frequency  larger  than  the  same  channel 

IS  a  stepwise  process  which  probability  decreases  when  co-cc©  increases.  The  re¬ 
sult  should  be  an  asymmetric  peak  in  A'*"*’  yield. 
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3  MULTIPHDTON  STRlPPINlj  IN  STRONG  FIELD 

In  weaF  field,  multiphoton  processes  are  governed  by  power  laws  with  an  in¬ 
dent  equal  to  the  number  of  photons  absorbed,  ej<cept  in  the  close  vicinity  of 
e^act  resonance.  When  the  intensity  is  increased,  resonances  shift  and  broa¬ 
den,  but  the  resonance  structure  of  the  energy  spectrum  still  survives.  Light 
shifts  have  comparable  orders  of  magnitude  in  all  atoms.  For  strong  field,  ty¬ 
pically  10^-*  W  cm“^,  the  shift  ot  resonances  along  the  light  pulse  smooths  the 
resonance  structure  and  measured  ion  yields  hardly  depend  on  the  frequency. 
Ihat  is  the  range  of  intensity  considered  in  this  section.  Most  experiments  on 
noble  gases  are  concerned;  for  alkaline  earths,  only  the  highest  range  of  in¬ 
tensity  in  experiments  using  picosecond  pulses  might  correspond  to  strong 
field  excitation. 

Ihe  complexity  of  calculations  based  on  first  principles  is  so  formidable 
that  nohadv  has  tried  to  calculate  non  perturbative  ionisation  probabilities 
for  complex  atoms.  Several  authors  have  proposed  treatments  based  on  statisti¬ 
cal  considerations.  «  first  approach  consists  in  assuming  that  all  outershell 
electrons  ha/e  the  same  probability  to  be  ejected,  this  probability  being  ta¬ 
ken  as  a  parameter,  fhis  treatment  leads  to  a  binomial  law  for  charge  state 
distribution  which  can  be  used  to  analyse  experimental  results  (35;,  This  idea 
has  been  rei nvesti gated  recently  to  analyse  experiments  invol/inq  different 
ranges  of  intensity  and  wavelength  (361.  While  the  latter  works  propose  a  pa¬ 
rametric  analysis  of  experimental  data,  we  have  built  a  heuristic  model,  based 
on  semic lassical  considerations  '.-S').  Multiphotcn  ionisation  consists  in  a  se¬ 
ries  uf  virtual  absorptions  which  are  equally  allowed  in  a  time  T=h/Eo.  The 
outershell  electrons  apptfar  as  a  target,  the  geometrical  size  of  which  is  ap¬ 
proximately  determined  bv  the  mean  radius  of  electronic  orbitals.  From  this 
data,  saturation  intensity  is  calculated  tor  an  interaction  time  T,  allowing 
the  prediction  of  cross  section  tor  anv  type  of  process,  direct  or  stepwise, 
in  which  one  or  more  electrons  are  ejected. 

baturation  intensity  for  single  ionisation  has  been  measured  for  noble  ga¬ 
ses  excited  b.  a  Neodvmium  vAG  laser  (17;  and  its  first  harmonics  (19)  and  by 
lU-3  laser  ^.i’3,.:4^.  (he  predictions  of  statistical  model  are  in  good  agreement 
with  exper nfientai  data  obtained  at  intensities  ot  the  order  of  lu*'*  W  cm"'^  or 
iaraer  (3b.i.v;.  Ine  discrepancy  observed  for  lower  intensity  can  be  partly  un¬ 
derstood  as  related  to  the  ratio  of  the  kinetic  energy  gained  by  the  electron 
and  the  energy  ot  one  photon  (4(.);.  bxperimental  data  obtained  with  an  excimer 
laser  on  various  species  can  be  interpreted  by  statistical  calcula¬ 
tions  ‘.*11',  It  is  also  possible  to  predict  the  energy  spectrum  of  emitted 
electrons  (4..')  when  >enon  ( or  Helium  ‘43,44)  are  excited  bv  a  Neodvmium 
lAb  laser. 

For  alkaline  earths,  statistical  considerations  lead  to  a  rough  order  of 
magnitude  tor  saturation  intensities  measured  with  nanosecond  pulses.  However, 
for  larger  intensities  labout  lo**  W  cm--'),  the  relative  yield  of  singly  and 
doubl /  charged  ions  obtained  when  baicium  is  excited  by  picosecond  pulses  at 
the  same  frequency  are  well  reproduced  by  statistical  calculations.  Statisti¬ 
cal  models  are  based  on  the  simple  picture  of  an  atom  having  lost  any  memory 
Of  its  energy  spectrum  between  the  ground  state  and  the  threshold.  All  these 
results  support  the  validity  of  this  picture  and  suggest  the  use  of  simpli¬ 
fying  assumptions  in  calculations  based  on  first  principles. 


4  L'JNLLUSIUN 


Up  to  now,  two  opposite  approaches  have  been  considered  to  interpret  multi¬ 
photon  stripping  of  atoiRs;  consideration  ot  very  weak  or  very  strong  intensi¬ 
ties.  [he  essential  mecanisms  have  been  identified  and  qualitatively  explai¬ 
ned.  In  the  intermediate  range  ot  intensity  where  most  experiments  on  alkaline 
earths  ha  e  been  carried  out,  a  number  of  problems  remain  unsolved.  One  of  the 
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reasons  is  the  lack  ot  precise  spectroscopic  data,  experimental  as  well  as 
theoretical,  on  doubly  excited  states.  Experiments  in  progress  with  picosecond 
pulses  115?  should  improve  the  situation  shortly. 
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THEORY  OF  MULTIPHOTON  IONIZATION  AND  AUTOIONIZATION  OF  Xe* 
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1 .  INTRODUCTION 

Although  the  rare  gases  and  especially  Xe  have,  for  several  years  now, 
been  serving  as  testing  ground  for  experimental  multiphoton  ionization 
studies,  relevant  calculations*’^  have  been  very  rare.  The  complexity  of 
these  atoms  Is  of  course  the  main  reason  for  the  scarcity  of  such 
calculations.  The  problem  can  not,  however,  be  avoided  for  ever  and  it  Is 
our  belief  that  one  must  make  some  attempts  even  if  they  have  to  be  not  very 
accurate  at  first.  Two  types  of  experiments  during  the  last  three  or  four 
years  make  this  unattractive  task  even  more  imperative.  One  has  to  do  with 
above  threshold  Ionization*-’  or  continuous-continuous  •ransltlons  in  which 
the  electron  keeps  absorbing  photons  even  after  having  absorbed  the  minimum 
number  of  photons  necessary  to  cross  the  threshold.  These  are  observations 
with  either  1,064  nm  or  532  nm  radiation  and  intensities  around  10**  H/cm*. 
The  other  type  of  experiments*  deal  with  multiphoton,  multiple  ionization 
under  much  higher  intensity  (10**  -  10'*  W/om*)  and  shorter  wavelengths  (193 
nm).  Multiple  ionization  has  also  been  observed*  at  i-1 ,064  nm  and  X-532  nm. 
The  atom  of  Xe  has  figured  prominently  In  both  types  of  experiments.  For 
radiation  of  i»193  nm,  one  electron  is  elected  from  Xe  by  two-photon 
ionization  and  a  second  electron  by  a  four-photon  process.  In  fact  the  first 
(two-photon)  process  falls  within  the  autoionizlng  region  between  the  Ps,2 
and  P,^j  thresholds.  It  is  at  this  type  of  process  that  we  are  aiming  at 
first  with  the  undertaking  of  the  calculations  reported  in  this  paper.  The 
only  other  calculations  in  rare  gases,  except  He,  that  we  are  aware  of,  are 
those  of  Plndzola  and  Kelly*  dealing  with  many-body  theory  of  2-photon 
Ionization  of  Ar  and  of  McGuire*  dealing  with  2-  and  3-phDton  ionization  of 
-  re  gases  using  a  Green’s  function  based  on  a  single-electron  model.  To 
deal  with  the  autoionizlng  region,  however,  we  must  include  the  channel 
couplings  which  cause  the  wave-function  to  depart  substantially  from  the 
single-electron  model. 

As  in  any  multiphoton  calculation’,  we  need  good  wavefunctions  and  a 
method  for  performing  the  infinite  summations  over  the  intermediate  states  or 
equivalently  the  Green's  function.  The  latter  is  not  practical  to  construct 
if  the  channel  couplings  are  to  be  included.  The  approach  we  have  chosen  is 
multichannel  quantum  defect  theory  (MQDT)  especially  in  the  form  employed  by 
Lu  and  Fano  in  the  analysis  of  photoabsorption  in  Xe.  The  summation  over 
intermediate  states  is  performed  ty  truncating  the  sum  to  a  finite  number  of 
terms.  By  employing  MQDT,  we  cen  account  for  the  channel  couplings,  thus 
obtaining  relatively  accurate  matrix  elements.  Truncation  Is  the  price  we 
pay  which,  however,  is  expected  to  be  not  too  serious  an  approximation  since 
none  of  the  calculations  we  report  fall  within  a  deep  minimum  where  the 
complete  summation  becomes  essential.  In  an'  case,  it  is  with  trial  and 

^Also,  Department  of  Physics,  University  and  Research  Center  of  Crete, 
jjirakllon,  Crete,  Greece 

Work  supported  by  NSF  Grants  PHY-8306263  and  PHY-81 19010. 
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error  that  the  level  of  accuracy  is  ultimately  assessed  in  such  complex 
calculations. 

This  is  not  the  place  to  review  MQDT,  summaries  of  which  abound  in  the 
literature’.  For  Xe,  far  from  the  ionic  core,  the  excited  electron  channels 
are  described  by  jj  coupling.  But  these  asymptotic  channel  states  | 1>  are 
not  eigenstates  of  the  electron  ion  system  at  small  distances.  In  that 
region,  close  coupling  elgenchannels  |a>  are  defined  which  are  appropriate  to 
the  short-range  Interaction.  Two  asymptotic  channel  states  |i>  and  |j>  are 
connected  through  che  |a>  -  states  and  this  connection  is  expressed  through 
the  scattering  matrix  S  .  which  can  be  written  in  terms  of  diagonal  matrix 
elements  exp(2ixu^)  as  ^ 

S.  .  -  y  U,  exp{21iiu  )  U  (1  ) 

ij  ^  ia  a  aj 

The  's  form  the  so-called  frame  transformation  matrix  and  the  y  's  are  the 
eigenpRase  shifts  of  the  scattering  eigenstates  |a>.  In  a  heavy  a?om  like 
Xe,  where  the  spin  orbit  Interaction  is  strong,  the  main  contribution  to  U. 
comes  from  the  (LS/jj)  transformation  coefficients.  The  spin-orbit  “ 

interaction  in  Xe  gives  rise  to  two  ionization  thresholds  1,^2  and  1,^2 
labelled  by  the  J  of  the  residual  ion  which  is  either 

respectively,  with  being  energetically  lower.  In  the  MQDT  formalism, 
the  final  state  of  the  excited  electron  plus  ion  system  can  be  written  in 
terms  of  known  functions,  if  the  parameters  U,  ,  y  ,  I,, 2  and  sne  known. 
They  can  be  determined  from  experimentally  obtSineS  spectroscopic  data  or,  in 
principle,  by  ab  Initio  calculations.  In  this  paper,  the  parameters  are 
obtained  from  experimental  information  through  the  Lu-Fano”  plots  or 
extrapolations  thereof. 

The  final  electron  state  is  expanded  in  terms  of  the  usual  angular 
momentum  partial  waves  with  somewhat  different  expressions  being  necessary 
inside  the  autolonlzing  region  (extending  from  12.20  eV  to  13.'i5...eV)  and 
outside  where  all  continuum  channels  are  open.  In  the  open  region,  the 
expression  for  the  total  (angle-integrated)  transition  probability  is  given 
by 


|M[g’  (0)  dn^  =  (tv)’  Ijl  D^' 


ai 


Mtw)’  I  I  e'*’'%  v\\ 

1  a  ' 


=  3/2] 


C^c  =  '^2] 


(2) 


where  D^^^  =  <a|r^^^|g>  is  an  Nth  order  dipole  matrix  element  connecting  the 

ground  state  with  the  channel  states  |o>  which  obey  <o/i>  =  U  .  The 
Incoherent  summation  over  core  final  states  J  is  Included  und2r  the 
assumption  that  only  the  electron  is  observed!  Simultaneous  observation  of 
the  ion  state  corresponds  to  only  one  of  the  terms  in  Eq.  (2). 

For  the  expressions  inside  the  autolonlzing  region,  we  need  a  third  set  of 
channel  states  i)ip(r)  which  behave  as  open  channels  for  large  r  but  have  bound 
character  for  small  r.  This  set  of  wavefunctlons  Introduces  another  set  of 

transformation  coefficients  <p/a>  *  A  /N  where  N  la  a  normalization  factor 

up  P 

(containing  most  of  the  energy  dependence)  and  the  coefficients  A  satisfy 
the  relations  “ 


I 


U,  simr(u  - 
la  a 


A  -  0 
a 
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for  all  i  with  itx  being  the  eigenphase  shifts  of  the  collision  eigenfunction 

1|)  .  The  total  phise  shift  is  6  =  n„  +  nt  where  p.  Is  the  Coulomb  phase 

p  piS.)  *•  p  t 

shift  of  the  Ith  partial  wave.  In  the  calculation  of  the  total  transition 
probability,  the  sums  over  p,i,o  and  partial  waves  I  contribute  coherently. 
The  final  expression  has  the  form 

f|M^^^e)|^dn^  =  (Kx)"  l|  I  _ ‘t  ' 

I  °  k  p  a,t  a(l)  Np 


FIGURE  1. 

Two  photon  autoionizing  cross  section.  Total  cross  section  in  units  of  chi'*  sec 
is  plotted  against  total  energy  in  eV.  The  various  peaks  have  been  identified 
with  various  angular  momenta  (J)  channels  as  shown  in  the  figure. 


The  generalized  cross  section  (gcs)  o„  is  expressed*  in  terms  of  /|M(e)|*dn^ 

K 

multiplied  by  the  appropriate  constants  and  the  Nth  power  of  the  photon 
frequency.  The  photoelectron  angular  distribution  is  proportional  to 
|M{9)|*. 

A  sample  of  our  results  is  shown  in  Figs.  1-3.  The  first  two  figures 
summarize  the  structure  of  the  two-  and  three-photon  ionization  gcs  inside 
the  autolonizatlon  region.  The  background  in  both  cases  Is  of  a  magnitude 
typical  for  the  respective  order  without  the  deep  minima  found  in 
single-electron  atoms.  In  3-photon  Ionization,  for  example,  the  deep  minima 
can  be  as  low  as  10  cm*  sec*  while  the  background  in  Fig.  2  is  about  three 
orders  of  magnitude  larger.  The  main  reason  for  the  absence  of  deep  minima 
Is  the  relatively  large  number  of  contributing  channels  whose  Interference 
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Three  photon  autoionizing  cross  section.  Total  cross  section  in  units  of  cm® 
sec^  is  plotted  against  total  energy  in  eV.  The  various  peaks  have  been 
identified  with  various  angular  momenta  (J)  channels  as  shown  in  the  figure. 


smooths  out  the  deep  minima.  The  peaks  represent  autoloniiing  resonances  and 
correspond  to  energies  at  which  in  changes  by  Each  peak  is  characterized 

by  a  total  angular  momentum  J.  OnJy  the  j-1  peaks  of  Fig.  2  could  have  been 
observed  in  single-photon  UV  photoionization  experiments.  It  appears  that 
the  J=>1  peaks  at  around  12.5  eV  and  12.9  eV  correspond  to  those  observed  by 
Helnzmann".  Their  line-shape,  however,  is  not  identical  to  that  observed  by 
Heinzmann.  There  is  In  fact  no  strict  requirement  for  a  J-1  autoionizing 
peak  reached  by  a  3-photon  process  to  have  the  same  line-shape  it  has  in  a 
single-photon  process;  even  without  taking  into  account  laser  intensity 
effects  which  can  cause  distortion  of  a  different  nature".  Effects  of  this 
type  are  not  included  in  Figs.  1  and  2.  All  peaks  of  Fig.  1  and  the  J-3 
peaks  of  Fig.  2  represent  new  predictions  as  they  could  not  have  beeh  seen  in 
single-photon  processes.  Above  the  autoionizing  region,  the  gos  for  both  2- 
and  3-photon  ionization,  has  the  expected  smooth  character  with  peaks 
appearing  when  the  photon  frequency  is  in  resonance  with  intermediate  bound 
atomic  states. 

In  Fig.  3  we  show  four  examples  of  photoelectron  angular  distributions 
corresponding  to  energies  of  selected  autoionizing  peaks.  Each  of  these 
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FIGURE  3. 

Angular  distribution  of  the  outgoing  electron  at  peaks  (a)  and  (b)  correspond 
to  2-photon  Xe  autoionizing  angular  distributions,  (c)  and  (d)  correspond  to 
3-photon  Xe  autnionization  The  direction  of  light  polarization  is  shown  by 
the  arrow. 


distributions  corresponds  to  a  peak  with  a  different  J.  We  find  that  the 
main  features  of  the  distributions  are  determined  by  the  order  of  the  process 
(as  expected)  and  by  J.  In  all  of  these  examples,  the  distributions  exhibit 
a  rather  unusual  form  which  is  not  typical  of  distributions  for  the  same 
order  in  other  atoms.  Thus  the  2-photon  ionization  distributions  show  an 
unusually  large  isotropic  component  while  the  3-photon  distributions  exhibit 
unusually  large  anisotropy.  In  the  open  continuum,  the  distributions  tend  to 
be  more  typical,  although  they  still  retain  a  rather  unusual  blend  of 
anisotropy.  Overall,  it  is  clear  that  the  distributions  are  fairly  sensitive 
to  the  channel  couplings  and  as  such  provide  a  sensitive  probe  of  the  model. 

The  results  of  this  and  related  work,  whose  details  will  be  published 
elsewhere,  implies  that  multiphoton  multiple  ionization  under  intensities 
above  10‘’  w/cm*  occurs  through  successive  stripping  of  electrons  during  the 
rise  of  the  pulse ‘  ’ . 
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Two  photon  ionization  of  He(2^S)  and  He(2^S)  has  been  measured  using  a  pulsed 
dye-laser.  A  simple  theory  can  account  for  most  of  the  observed  experimental  fea¬ 
tures. 


1.  INTRODUCTION 

Two  photon  ionisation  of  metastable  helium  atoms  (He(ls2s,  2^5  and  2^5))  has  been 
studied  with  a  pqlsed  dye  laser.  Ionisation  via  the  JP  (dipole)  and  3D  (quadrupole)  re¬ 
sonances  in  He(2'S)  and  He(2'^S)  has  been  measured.  The  e.nergy  levels  and  pumping 
schemes  are  shown  scherraticall^  in  Fig.  1.  Several  noteworthy  features  are  observed: 

1)  The  dipole  allowed  2^’^S->5^’'^P->K  resonances  are  very  broad,  up  to  10  A  for  the 
highest  intensities  used.  K  d^otes^  continuum  state. 

2)  The  peak  shape  of  the  2^’’’s*3^’'’p*K  transition  depends  strongly  on  the  pulse  shape 
of  the  dye  laser. 

3)  A  high  and  flat  background  is  observed  away  from  the  resonance.  , 

A)  The  dipole  forbidden,  but  quadrupole  allowed  resonances  2^  ’  ■’s-*3'^ ’'^D -*•  K  have  nearly 
the  same  intensities  as  the  dipole  allowed  ones  at  resonance,  but  are  much  narrower. 

5)  For  the  triplet  system  some  results  (peak  shape,  structure  on  the  red  side  of  dipole 
resonance)  are  not  understood  presently. 

Some  related  experiments  have  been  performed  earlier.The  first  experiments  on  this 
system  have  been  performed  by  a  group  ’  at  Rice  University.  Their  experimental  set¬ 
up  is  similar  to  QWS,  only  the  laser  intensity  was  about  3  orders  of  magnitude  lower. 
The  Saclay  group^  crossed  a  powerful  Ruby  las«r  with  a  He*  beam  and  rneasured  total 
cross  sections.  The  experiments  of  the  Moscow and  the  Bell  Labs  group  were  per¬ 
formed  with  gas  discharges. 


2.  APPARATUS 

The  experimental  set-up  is  shown  schematically  in  Fig.2.  A  beam  of  metastable  He 
atoms  (He*)  is  produced  in  a  gas  discharge  source.  The  iritensity  of  the  He*  flux  as 
measured  ^  secondary  ej^tron  emission  is  about  lO^^s"^'^  resulting  in  a  He*  density 
of  10°  cm'"’  or  about  10'^^  Torr  in  the  ionisation  volume.  The  background  pressure  is 
four  orders  of  magnitude  higher.  About  10%  of  the  metastables  are  in  the  singlet  state. 
The  mean  distance  between  the  He*  atoms  is  about  0.1  mm.  They  are  ionised  by  pho¬ 
tons  from  an  excimer  laser  pumped  dye  laser.  Two  different  dye  lasers  are  used,  each 
consisting  of  an  oscillator  and  two  amplifier  stages.  Unless  otherwise  stated  all  data 
have  been  tak_^n  with  a  Lambda  Physik  FL200Z  dye  laser,  which  has  a  bandwidth  of 
0.2  to  0.3  cm'^  and  delivers  energies  up  to  several  tens  of  mj/pulse.  An  energy  of 
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FIGURE  1 

He  energy  levels  and  pumping  schemes.  The  wavelenght  of  the  resonant  transitions  are 
given  in  nanometers. 


2 

ImJ  per  pu^e  gives  a  power  density  of  about  7  MW/cm  for  an  unfocused  beam  and 
1.5  GW/cm'^  in  the  waist  of  the  focus  region  for  the  lens  used  (f=6cm).  The  resulting 
He*  ions  are  extracted  by  a  static  electric  field  and  mass  selected  via  time-of-flight 
in  order  to  discriminate  against  background. 
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FIGURE  2 

Experimental  set-up.  The  total  ion  signal  is  measured  as  a  function  of  the  laser  fre¬ 
quency  and  laser  flux. 


3.  EXPERIMENTAL  RESULTS  FOR  SINGLET  He» 

The  total  ion  signal  is  shown  in  Fig.3  as  a  function  of  the  laser  frequency,  for  a 
focused  laser  energy  of  ImJ/pulse.  The  broad  resonance  is  due  to  the  2'‘s-*'3’^P  reso¬ 
nance  (501.71  nm)  in  the  first  step  in  the  ionization  process.  The  sharp  peak  at 
50A.35  nm  results  from  the  corresponding  guadrupole  transition.  The  resuits  shown  in 
Fig.A  were  obtained  for  the  sama  system,  but  with  a  different  dye  laser:  homebuilt, 
Littman  type,  bandwidth  0.6  cm”*^,  70%  linear  polarization,  cavity  length  a  factor  2.5 
shorter,  higher  ASE  (amplified  spontaneous  emission)  background.  The  line  shapes  of 
the  two  dipole  resonances  differ  somewhat,  but  what  is  unexpected,  is  that  a  dip 
occurs  in  only  one  of  the  measurements.  It  is  probable  that  this  is  due  to  the  diffe¬ 
rent  temporai  behaviour  of  the  two  dye  laser  pulses,  as  discussed  below. 
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,  FIGURE  3 

Two  photon  ionization  of  He(2^S)  at  a  focused  laser  power  of  ImO/pulse  using  the 
Lambda  Physik  dye  laser. 


The  same  experimental  situation  as  in  Fig.3,  but  for  the  homebuilt  laser.  Note  the  dif¬ 
ference  in  the  wavelength  scale.  The  better  signal  to  noise  ratio  compared  to  Fig.3  was 
due  to  a  higher  He*  intensity. 


4.  DISCUSSION  OF  THE  SINGLET  RESULTS 

The  relevarit  levels  and  transition  rates  are  shown  in  Fig. 5.  The  metastable  2^S 
level  is  pumped  to  the  3^P  level  with  the  rate  To  whose  value  is  given  in  the  table 
for  3  different  intensity  levels.  There  are  four  different  decay  channels  for  the  P  state 
as  listed  below,  only  the  first  two  being  field  dependent:  ^ 

1)  induced  transitions  back  to  the  2^S  state  leading  to  Rabi  oscillations  (up  to  10^ 
during  the  pulse  duration  of  5ns), 

2)  ionizing  transitions  to  the  continuum, 

3)  spontaneous  decays  back  to  the  metastable  state, 

4)  spontaneous  decays  to  the  ground  state. 
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The  direct  two  photon  ionization  of  2  S  can  be  neglected.  Note  that  the  ionization 
rate  is  always  about  h  oideis  of  magnitude  '.-nailer  than  the  Rabi  frequency.  For  low  '■o 
medium  fluxes  it  is  also  smaller  than  the  inverse  pulse  width.  The  loss  rate  to  the 
ground  state,  which  is  responsible  for  the  dip  on  the  resonance  of  Fig. 4,  is  larger  the 
ionization  rate  for  fluxes  less  than  20  MW/cm"^.  The  relative  importance  of  the  rates 
changes  during  the  laser  pulse. 
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FIGURE  5  , 

Atoms  in  the  2^S  state  are  pumped  by  laser  radiation  to  the  3^P  state  with  the  rate 
Pp  as  given  in  the  table.  The  3^P  state  can  decay  via  foui  different  channels,  two  of 
them  being  field  dependent.  Numerical  values  for  the  rates  are  given  for  three  different 
laser  fluxes.  Note  that  the  inverse  pulse  width  of  the  laser  pulse  is  200  MHz,  compa¬ 
rable  with  some  of  the  rates. 


A.simple  theoretical  model  has  been  developed  to  account  for  the  experimeptal 
data^.  Calculations  for  this  system  have  been  performed  earlier  by  two  groups”’  . 
Briefly  two  dressed  states  coupled  to  one  ionization  continuum  are  treated.  Their  propa¬ 
gation  is  calculated  using  the  time  independent  Fioquet  Hamiltonian”  .  An  average  over 
the  Rabi  frequencies  is  performed,  the  result  is  integrated  over  photoelectron  energies, 
and  the  experimental  arrangement  is  modeled  closely.  Especially  the  inhomogenous  laser 
field  distribution  is  taken  into  account.  The  calculated  ion  signal  reproduces  the  salient 
features  of  the  experimental  signal.  Fig.6  shows  the  calculated  ion  signal  for  a  focused 
laser  pulse  having  a  Gaussian  time  distribution  of  5ns  length.  The  pronounced  deep  dip 
on  the  resonance  is  decreasing  for  steeper  rise  times  and  is  absent  for  a  nearly  rectan¬ 
gular  pulse.  The  following  interpretation  results; 

1)  The  dips  in  Fig.4  and  6  are  due  to  loss  of  the  atoms  by  spontaneous  emission  to  the 
ground  state,  which  occurs  during  pulse  turn-on,  when  the  width  of  the  dressed  inter¬ 
mediate  state  is  still  narrow. 

2)  The  broad,  flat  background  comes  from  the  intensity  maximum  of  the  laser  pulse, 
where  this  width  is  large. 

3)  Much  of  the  signal  near  the  resonance  maximum  does  not  come  from  the  region  of 
maximum  laser  intensity,  but  from  the  wings.  The  moderate  intensity  there  requires 
small  detuning,  but  the  number  of  atoms  is  large.  This  delicate  structure  occurs 
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because  the  pulse  length  and  spontaneous  emission  time  are  comparable  with  the  time 
needed  to  ionize. 

We  have  so  far  no  definite  experimental  proof  that  the  dip;  in  fig. 4+6  are  due  to  the 
different  time  deoendence  of  the  light  pulses  from  the  two  different  dye  lasers.  But  this 
is  very  plausible  according  to  the  theoretical  calcuiations.  The  mean  width  of  both  light 
pulses  is  the  same  and  also  there  rise-time,  as  measured  by  a  f^st  photodiode.  But  if 
the  pulse  of  the  homebuilt  laser  would  have  a  small  foot  (*10  of  the  peak  intensity), 
this  would  be  sufficient  to  produce  the  dip. 


FIGURE  6 

Calculated  signai  for  ttie  experimental  situation  of  Fig.3  and  4,  assuming  a  Gaussian 
pulse  width  of  5ns.  For  steeper  rise  times  the  dip  on  the  dipole  resonance  becomes 
smaller  and  vanishes  for  a  near  sudden  turn-on  of  the  laser  pulse. 


FIGURE  7 

Two  photon  ionization  of  He(2'’s)  at  1.6mJ/pulse  focused  laser  radiation.  The  broad 
structure  on  the  red  side  of  the  resonance  changes  for  an  unfocused  beam,  comp. Fig. 8. 
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5.  EXPERIMENTAL  RESULTS  FOR  TRIPLET  He* 

The  dipole  resonance  2^S-3^P  appearing  at  388.97nrn  is  again  very  broad.  The  reso¬ 
nance  peak  is  asyrrimetrt  with  a  long  tail  to  the  red,  even  at  laser  intensities  of 
0.02mJ/pulse  (30MW/cmo.  A  Stark  effect  would  shift  the  resonance  and  due  to  the 
spatial  distribution  of  the  laser  field  intensity  in  the  f(^us  region  would  give  an  asym¬ 
metric  line  shape.  A  calculation  by  Aymar  and  Crance  '  predict  a  dynamic  polarizabi¬ 
lity  that  would  shift  the  resonance  to  the  blue.  Their  resuks  cannot  explain  our  asym¬ 
metry  via  an  AC-shift.  With  unfocused  laser,  i.e.  SMW/cm"^,  the  asymmetry  vanishes, 
but  then  there  is  a  structured  background  over  which  the  resonance  peak  appears.  The 
structure  on  the  red  side  of  the  resonance  peak  exceeds  the  signal  to  noise  ratio.  No 
known  molecular  transitions  correspond  to  these  peaks.  Also  no  signal  has  been  observed 
on  mass  8,  so  that  transitions  in  He.,  are  improbable.  It  seems  as  if  this  structure  is 
correlated  with  the  asymmetry  of  tne  resonance  peak  at  high  laser  intensities.  The 
lineshape  of  the  2^S-3^D  quadrupoie  resonance  at  381.01nm  is  determined  again  by  the 
bandwidth  of  the  laser.  The  intensity  dependence  of  the  quadrupoie  resonance  is  less 
than  linear,  indicating  saturation  effects. 


FIGURE  8  , 

Same  as  Fig.  7  but  with  unfocused  beam  (about  bMW/cmV.  The  reproduceable  structure 
on  the  red  side  of  the  dipole  resonance  is  not  understood  presently. 
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L  INTRODUCTION 

In  the  physics  of  highly  excited  atoms  in  external  electric  .  nd  magnetic  fields  [1]  under 
strong  force  mixing  conditions  [2],  that  is  where  the  external  forces  are  comparable  with,  or 
larger  than  the  internal  electronic  binding  forces,  the  hydrogen  atom  with  its  purely  Coulombic 
field  plays  naturally  a  fundamental  role.  While  the  non-relativistic  H  atom  in  homogeneous 
St:  -ic  electric  fields  may  be  considered  a  solved  problem  [3],  the  situation  is  basically  different 
for  the  atom  in  magnetic  fields  with  dominant  diamagnetic  interaction  [4).  The  Schrodinger 
equation  even  with  the  Hamiltonian  in  the  simplest  form,  H  —  -1/r  +  l/8a^BV  sin^  0  is  not 
separable,  and  there  apparently  exists  no  quantitative  theory  for  the  diamagnetism  of  the  atom 
in  the  high  n-mixing  and  quasi-Landau  regime.  AJso,  no  experiments  are  known  with  H 
around  the  ionization  limit,  or  even  in  the  lower  L-  and  n-mixing  regimes,  except  most  recent 
ones  carried  out  in  our  laboratory  [5]. 

In  this  paper  we  report  some  of  the  results  of  our  work.  Since  only  a  fraction  of  the  work 
can  be  covered  here,  we  concentrate  on  a  few  new  observations  in  the  quasi-Landau  regime, 
which  is  the  most  interesting  and  challenging  one,  theoretically  as  well  as  experimentally.  For 
more  complete  information  we  must  refer  to  publications  soon  forthcoming. 

2.  EXPERIMENTAL 

Like  in  our  experiments  with  the  H  atom  in  electric  fields  [3],  the  excitation  was 
performed  in  two  steps. 
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H(n  =  1)  +  VUV  -  H(n  =  2)  +  UV  -  H*. 

with  pulsed  (~10ns,  lOHz)  tunable  laser  radiation  in  the  VUV  around  121, 6nm  and  in  the  uv. 
A  crossed  laser-atomic  beam  configuration  (Figure  1)  was  used,  in  which  the  atomic  and  two 
laser  beams  are  perpendicular  to  each  other  and  ,he  atomic  beam  parallel  to  the  magnetic  field. 
The  electric  field  arrargcment  setved  to  field  ionize  H’  atoms  and  to  extract  electrons  from 
the  excitation  zone  for  detection  by  a  surface  barrier  detector.  Excitation-ionization  spectra 
have  been  obtained  by  l'<-eping  the  VUV  fixed  in  resonance  with  the  first  excitation  step  and 
recording  signals  as  function  of  the  UV  wavelength  in  increments  of  typically  0.1cm  V  The 
resolution  in  the  second-step  excitation  was  0.3cm  *,  mostly  given  by  the  UV  laser  bandwidth 


Detector 


1 


Figure  Ij  Scheme  of  experimental  setup. 


and  to  a  smaller  degree  by  the  residual  Doppler  width  perpendicular  to  the  atomic  beam. 

Depending  on  which  energy  range  of  H*  atoms  was  to  be  investigated,  two  different 
experimental  procedures  have  been  employed.  At  low  excitation  enercies,  i.e.,  Ej!-20cm''  H* 
atoms  have  been  detected  through  field  ionization  by  applying  electric  fields  of  KV/cm 
strength  in  pulsed  fashion,  after  the  laser  excitation.  At  energies  E>  ^Ocm  *  a  weak  constant 
electric  field  (~1  V/cm)  was  continuously  on  also  during  the  excitation.  However,  while  this 
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fi-!d  was  strong  enough  to  extract  electrons  from  the  excitation  zone  and  also  for  field 
ionization  down  to  about  -20cm'*,  it  was  still  sufficiently  weak  so  that  the  Stark  interaction 
by  the  electric  field  was  small  compared  to  the  diamagnetic  interaction.  In  this  paper  we  are 
not  concerned  with  the  experiments  by  the  first  mode  of  operation,  that  is  at  low  energies  in 
the  Z-  and  n-mixing  regime. 

3,  RESULTS 

According  to  the  constants  of  motion  for  the  diamagnetic  interaction  in  a  static 
homogeneous  field,  i.e.  the  energy,  parity  and  z-component  of  the  angular  momentum  in  the 
final  state,  the  excitation  must  be  performed  state  selectively  with  respect  to  the  magnetic 
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quantum  number  m/  in  all  steps.  At  field  strengths  applied  in  these  experiments  the  first-step 
transition,  Fi;n=l)-»H{n=2),  is  governed  by  the  Paschen-Back  splitting  with  the  three  m^ 
states  I  m^  =  0,  +  1>  in  n=2  (Figure  2).  Each  of  these  states  was  individually  excited  by 
employing  linearly  polarized  VUV  radiation,  either  parallel  (ir)  or  perpendicular  (a)  to  the 
B-field,  with  a  resolution  of  ~6GHz.  Starting  from  these  i-itial  states,  three  different  types 
of  final  states  with  mf  =  0  ±  1,  +  2  could  be  reached  employing  the  UV  radiation  also  cither 
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tr  or  o  polarized.  Examples  o{  transitions  arc: 

|m^  =  0>^  |mf  =  0>,  |mj=  +  l>”  |mj  =■  +  !>,  and 
I  m)  =  +  1  >  ^  I  mf  =  +  2  >  .  Because  of  the  relative  orientation  of  the  UV  beam  and 
B-field  directions,  the  a  excitation  allows  both  Am=±l  '.ransitions.  This  means  that  in  the 
third  case  also  |  mj  =  0  >  states  are  excited.  However  the  transition  to  |  mj  =  0  >  is  less 
probable  than  |  mf  =  +  2  >  by  an  order  of  magnitude.  We  have  observed  all  three  kinds  of 
final  state  spectra  of  mf  =  0,  +  I,  ±  2  and  even  parity. 


Figure  3j  Excitation-ionization  spectrum  of  the  H  atom  previously  taken  (5)  at  low  resolution 
(~2cm  ').  Excitation  of  final  states  |  mj  =  -  2  >  from  |  n  =  2,  mj  =  -  1  >  with  a  polarized 
UV  radiation.  Magnetic  field  .strength  B=6T. 


Figure  3  shows  a  first  example  of  a  spectrum  with  |  mj  =  -  2  >  (with  a  small  admixture 
of  I  mJ  =  0  >  )  at  B=6T,  previously  obtained  (3),  It  clearly  exhibits  quasi-Landau  resonance 
structures.  As  to  be  expected  from  theory  (1,2,61,  their  energy  spacing  is  1.5  x  at  E  =  0, 
decreasing  with  increasing  excitation  energy.  Figure  4  shows  spectra  obtained  more  recently 
with  improved  signal  quality  and  higher  resolution  (0.3cm'').  The  measured  spectra  (light 
line)  exhibit  line  structure  of  the  quasi-Landau  resonances,  observed  here  for  the  first  time 
with  the  H  atom.  The  width  of  the  sharpest  features  at  E>0  corresponds  to  the  experimental 
resolution  limit  of  0.3cm  *,  which  indicates  actual  ionization  lifetimes  of  these  states  of 
>10'"  s. 

rhe  solid  line  curves  are  the  result  of  averaging  the  measured  spectra  by  a  Gaussian  line 
shape  with  a  bandwidth  of  2cm'*  FWHM.  In  the  spectra  with  mJ  -  0  and  mJ  -  -t-  2  this  yields 
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Figure  4^  Excitation-ionization  spectra  of  the  H  atom  with  final  states 
I  mj  =  0  >  ,  I  mj  =  -(■  1  >  ,  I  mf  =  +  2  >  at  B-6T.  Light  line:  measured  spectra  taken 
with  0.3cm'’  resoiution.  Heavy  line:  light  line  spectra  averaged  with  2cm'’  bandwidth  (see 
text). 
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smooth  quasi-Landau  oscillations  with  a  periodicity  of  1.5  x  at  E=0.  Quite  unexpectedly, 
however,  in  the  mj  =  +  1  averaged  spectrum  oscillations  are  observed  with  a 
~0.64  X  tlUf.  periodicty  at  E  =  0  instead. 

According  to  the  WKB  [2]  and  time-dependent  wavepacket  [6]  treatments  resonances  with 
the  "normal"  periodicity  of  l.S  x  are  expected  when  the  electronic  motion  is  confined  to 
the  z=0  plane,  i.e.  perpendicular  to  the  magnetic  field.  This  is  an  appropriate  approximation 
for  electrons  initially  excited  to  the  |  m^  =■  4-  2  >  since  the  wavefunction  is  localized  oriented 
in  the  (2=0,  x-y)  plane  with  a  node  in  the  z-direction.  This  is  similarly  true  also  for 
I  mf  =  0  >  states  where  some  part  of  the  wavefunction  is  in  the  (z=0,  x-y)  plane.  The 
I  mJ  -  1  >  state  wavefunction  however  is  conically  distributed  with  an  angle  of  4S“  to  the 

z-axis,  and  has  nodes  along  z  and  in  the  (2=0,  x-y)  plane.  Using  the  time-dependent 
wavepacket  concept  [6],  the  recurrence  time,  or  the  corresponding  period  of  oscillation  of  an 
I  mJ  =  +  1  >  electron  is  evidently  different  from  that  of  electrons  bound  in  the  (z=0,  x-y) 
plane  by  a  factor  1.5/0.64.  As  of  now,  no  theory  is  available  that  accounts  quantitatively  for 
this  observation,  though  the  WKB  method  may  be  adapted  to  motions  of  electrons  initially 
excited  to  states  at  angles  different  from  90°  to  the  z  axis.  Even  more  open  is  the  theoretical 
treatment  of  the  fine  structure  of  quasi-Landau  states  observed  in  these  experiments. 


REFERENCES 

[1]  The  field  of  highly  excited  atoms  in  strong  external  fields  has  been  extensively  reviewed. 
For  references  see  ref.  (5). 

[2]  A.R.P.  Rau,  J.  Phys.  B12,  L193  (1979);  A.R.P.  Rau  and  K.T.  Lu,  Phys.  Rev. 

1057  (1980). 

[3]  See  for  example  H.  Rottke  and  K.H.  Welge,  Phys.  Rev.  A,  in  press  (1985). 

[4]  D.  Kleppner,  M.G.  Littman,  and  M.L.  Zimmerman,  in  "Rydberg  States  of  Atoms  and 
Molecules",  ed.  R.F.  Stebbings  and  F.B.  Dunning;  Cambridge  Univ.  Press  (1983). 

[5]  A.  Holle,  H.  Rottke,  and  K.H.  Welge,  "Lecture  Notes  in  Physics,"  Vol.  229, 
"Fundamentals  of  Laser  Interaction",  ed.  F.  Ehlotzky,  Springer-Verlag  (1985);  A.  Holle 
and  K.H.  Welge,  Conf.  Proceedings  of  the  "Seventh  Inti.  Conf.  Laser  Spectroscopy", 
Hawaii,  Springer-Verlag  (1985). 

[6.]  W.P.  Reinhardt,  J.  Phys.  Bl^  L635  (1983). 


ELECTRONIC  AND  A  TOMIC  COLLISIONS 
D.C.  Lorentt.  W.E.  Meyerhof,  J.R.  Peterson  (eds.) 
©  Elsevier  Science  Publishers  B.V.,  1 986 


785 


STATE  SELECTIVE  LASER  DETECTION  OE  RYDBERG  ATOMS 


Wolfgang  SANDNER 

Eak.  fur  Physik,  Universitat  Freiburg,  D7800  Freiburg,  West  Germany 


1.  INTRODUCTION 

One  of  the  main  reasons  for  the  recent  advances  in  the  field  of  Rydberg  atoms 
is  the  experimentalists'  ability  to  excite  single  high  lying  states  of  atoms 
with  tunable  dye  lasers.  The  necessity  for  a  spectrally  narrow  excitation  light 
source  becomes  immediately  obvious  if  we  consider  the  decreasing  energy  spacing 
between  neighbouring  Rydberg  states  for  increasing  principal  quantum  number  n. 

We  find,  for  n  around  50,  that  the  excitation  light  source  must  have  a 
resolution  aE/E  =  4  x  10*5,  if  vte  assume  a  typical  excitation  energy  of  about 
5  eV.  This  is  an  easy  task  for  lasers,  while  it  is  not  for  other  excitation 
mechanisms. 

At  the  same  time  it  appears  to  be  true  that  there  is  still  a  considerable 
demand  for  an  efficient  detection  method  for  atoms  in  high  Rydberg  states,  which 
allows  to  distinguish  between  single  n  states.  So  far,  people  have  usually 
resorted  to  electric  field  ionization,  in  spite  of  the  fact  that  ionization  of 
single  Rydberg  states  in  an  increasing  electric  field  displayes  a  multiple 
threshold  behaviour.  While  it  is  well  predictable  (1)  this  behaviour  makes  it 
difficult  or  even  impossible  to  unravel  the  field  ionization  signal  from  a  dense 
mixture  of  states  once  n  considerably  exceeds  values  around  n  ;  3D. 

Experiments  which  suffer  most  from  this  dispair  in  quality  between  excitation 
and  detection  mechanisms  are  collision  experiments  with  Rydberg  atoms.  Whether 
it  be  state  changing  collisions  between  high  Rydberg  states,  or  collisions  which 
produce  Rydberg  atoms  in  their  final  state  (like  dielectronic  or  radiative 
recombination),  they  all  require  a  highly  selective  and  efficient  detection 
method  in  order  to  focus  on  the  dynamics  of  the  collision  itself.  Hereby  the 
restriction  to  n  <  30  is  a  remarkable  one  if  we  only  think  of  "natural"  Rydberg 
atoms  in  astrophysics,  where  creation  and  collisional  redistribution  typically 
takes  place  around  n  :  100,  or  even  higher  (2). 

2.  STATE  SELECTIVE  DETECTION  BY  OFF  RESONANT  CORE  EXCITATION:  THE  RYDBERG  FILTER 

2.1  Basic  principles  of  operation 

In  the  following,  we  present  a  laser  based  detection  method  for  Rydberg  atoms 
which  has  already  shown  to  be  state  selective  at  n  s  3D,  and  which  is  anticipat¬ 
ed  to  work  well  beyond  n  =  100,  provided  the  right  lasers  are  used.  The  method 
requires  a  strong  core  transition  to  be  present  in  the  Rydberg  atom,  which  can 
be  driven  by  tunable,  narrowband  dye  lasers. 

It  is  well  known  that  after  a  core  transition  the  whole  system  contains 
enough  energy  to  autoionize,  which  is  usually  a  very  rapid  process  and  by  far 
dominates  the  radiative  decay  back  to  the  ground  state  of  the  core.  As  a 
consequence  one  can,  for  any  nonvanishing  core  excitation  cross  section,  always 
ionize  all  Rydberg  atoms  with  near  100%  efficiency,  if  only  the  product  of  core 
excitation  cross  section  and  laser  photon  flux  is  kept  sufficiently  large  (3,4). 
Hence  we  are  left  with  charged  fragments,  autoionization  electrons  and  ions, 
either  of  which  may  conveniently  be  detected  to  witness  the  past  existence  of 
the  Rydberg  atoms.  While  this  detection  method  is  very  efficient,  it  is  not  yet 
state  selective.  The  average  spatial  separation  between  the  Rydberg  electron  and 
its  own  core  is  so  huge  that  the  resonance  frequency  uq  of  the  core  is  rather 
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insensitive  to  the  state  or  even  to  the  presence  of  the  Rydberg  electron  itself. 

State  selectivity  comes  in  if  we  detune  the  laser  from  the  exact  core 
transition  frequency  (off  resonant  core  excitation) .  Energy  conservation 
now  requires  the  Rydberg  electron  to  change  its  orbit,  where  it  is  no  longer 
restricted  to  discrete  energy  values  since  the  final  state  of  the  whole  system 
is  continuously  (though  not  homogeneously)  broadened  by  autoionization.  The 
process  has  been  described  before  as  a  dipole  excitation  of  the  core  and  a 
simultaneous  monopole  ("shake")  transition  of  the  Rydberg  electron  (3,4).  The 
latter  is  simply  the  overlap  integral<vi!o|vo*o^  between  the  initial  and  final 
Coulomb  wave  function  of  the  Rydberg  electron,  which  are  characterized  by  their 
effective  quantum  numbers  uq  and  v,  respectively  (the  effective  quantum  number 
V  is  the  difference  between  the  principal  quantum  number  n  and  the  quantum 
defect  u:  v  =  n-u).  Orthogonality  of  the  Coulomb  wave  functions  forces  this 
integral  to  vanish  whenever  v  and  v-  differ  by  an  integer  value.  In  this  case 
the  off  resonant  core  excitation  and  the  subsequent  autoionization  cannot  take 
place  and,  hence,  the  Rydberg  atom  remains  unaffected  by  the  laser. 

We  can  easily  show  that,  on  the  frequency  scale  of  the  core  transition 
laser, these  zero  cross  section  points  occur  at  frequencies  u;(k,vo)  given  by  (5) 


u.(k,vj  =  MR/h)  M2  +  k/v^) 

0  0  y 


where  k  is  a  label  counting  the  number  of  consecutive  cross  section  zeroes,  and 
R/h  is  the  Rydberg  frequency,  4.1341  x  lO'^  sec‘1. 

So  far,  several  assumptions  went  into  the  derivation  of  equation  1.  First,  we 
have  tacidly  assumed  that  we  are  dealing  with  hydrogenic  Coulomb  wave  functions , 
whose  orthogonality  is  determined  by  u-Uq  =  k  (k  integer).  Thereby  we  neglected 
the  presence  of  the  atomic  core,  where  the  wave  function  is  not  only  strongly 
non-hydrogenic ,  but  will,  in  general,  be  not  the  same  for  the  ground  and  the 
excited  core  state.  For  the  purpose  of  evaluating  an  overlap  integral  this  is  a 
good  approximation,  since  for  high  n  the  size  of  the  core  is  negligible  when 
compared  with  the  spatial  region  r  »  n2  (a.u.)  over  which  the  orthogonality 
integral  is  evaluated.  On  the  other  hand,  the  transition  from  the  v  scale  to 
the  laser  frequency  scale  u  is  determined  by  the  large  r  properties  of  the 
potential.  Here  we  have  assumed  a  pure  Coulomb  potential  without  any  corrections 
due  to  the  core  polarization  in  the  initial  and  final  core  state,  which  is 
again  a  generally  acceptable  approximation  for  high  Rydberg  states.  Finally,  we 
have  neglected  the  possibility  of  direct  photoionization  of  the  Rydberg  electron 
by  the  core  transition  laser.  This  is  an  excellent  approximation  in  the  vicinity 
of  the  resonant  core  transition  frequency  uq.  However,  since  the  off  resonant 
core  transition  amplitude  decreases  rapidly  with  increasing  detuning  (3,4)  one 
will  eventually  arrive  at  a  point  where  the  Rydberg  photoionization  can  no 
longer  be  neglected,  and  the  cross  section  will  be  influenced  by  interference 
between  the  two  processes. 

Any  of  the  above  mentioned  effects  yields  small  corrections  to  equation  1, 
which  can  be  accounted  for  in  a  rigorous  treatment,  but  which  will  be  neglected 
for  the  sake  of  transparancy  in  the  present  discussion. 

Equation  1  is  the  basis  for  the  state  selective  laser  detection  of  Rydberg 
atoms  since  it  predicts  the  cross  section  zeroes  to  occur  at  different  laser 
frequencies  for  different  initial  Rydberg  states  Vq.  Let  US  consider  an  ensemble 
of  atoms  in  an  unknown  distribution  of  Rydberg  states.  We  can  easily  measure  the 
relative  population  of  the  particular  state  Vq  by  tuning  a  powerful,  narrowband 
"selection  laser"  to  any  frequency  given  by  equation  1;  in  particular,  we  may 
use  the  first  "red"  (k=-1)  cross  section  zero.  The  state  vq  will  not  be  affected 
by  the  laser,  whereas  all  atoms  in  other  states  will  eventually  be  core  excited 
and  autoionize.  The  number  of  remaining  neutral  Rydberg  atoms  in  the  state  uq 
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FIGURE  1 

A  Rydberg  Filter  Apparatus  (schematic) 


may  be  determined  from  the  subsequent  autoionization  electron  signal  of  a 
comparably  weak  "probe  laser".  This  laser  is  tuned  to  the  resonant  core 
excitation  frequency  ujq  and  thus  ionizes  all  remaining  Rydberg  atoms.  The 
experimental  setup,  which  has  been  termed  a  "Rydberg  filter"  (5),  is  shown  on 
fig.  1. 

2.2  Experimental  results  and  discussion 

The  quality  of  such  a  filter  can  be  demonstrated  by  successively  preparing 
atoms  in  various  Rydberg  states  and  then  exposing  them  to  the  Rydberg  filter, 
which  is  tuned  to  one  particular  state,  say  6s32d('02)  in  Barium.  This  state 
has  a  knov/n  effective  quantum  number  vq  =  29.334.  As  a  core  transition  we  have 
used  the  6s  -»■  bpg/o  transition  in  Ba,  occuring  at  x  :  455.4  nm.  The  selection 
laser,  set  to  the  first  red  zero  of  the  6s32d  state,  then  had  a  wavelength 
X  =  455.606  nm. 

The  probe  laser  signal,  normalized  to  the  total  number  of  Rydberg  atoms 
prepared  in  each  state,  is  shown  on  fig.  2.  The  curve  shown  may  be  identified 
as  the  "transmission  curve"  T(n)  of  the  filter,  where  we  would  ideally  expect 
T(n)  =  fp  32.  For  all  n  except  n  =  41  the  actual  curve  deviates  only  slightly 
from  the  ideal  one,  where  the  deviations  can  be  attributed  to  the  finite 
bandwidth  (0.3  cm"')  and  energy  flux  (50  iiJ/ram^)  of  the  selection  laser,  and 
to  statistics.  The  agreement  with  a  calculated  transmission  curve,  taking  into 
account  the  laser  properties,  is  generally  very  good  for  all  n. 

The  feature  around  n  =  41  is  easily  explained  if  we  consider  that,  for 
increasing  n  or  uq,  the  cross  section  zeroes  move  closer  to  the  central 
frequency  ojg,  as  can  be  seen  from  equation  1 .  As  a  consequence,  the  second  red 
zero  (k=-2)  for  the  n  =  41  state  coincides  with  the  first  red  zero  of  n  =  32, 
leading  to  the  small  additional  transmission  peak  in  fig.  2.  Such  unwanted 
coincidences  are  expected  to  occur  periodically  for  higher  states  u  >  ug-, 
however,  they  can  either  be  neglected  if  only  a  moderate  n-range  is  to  be 
investigated,  or  eliminated  through  a  coarse  preselection  of  the  n-range  under 
consideration,  e.g.  by  electric  field  ionization. 

So  far  we  have  demonstrated  that  the  state  selective  laser  detection  scheme 
works  satisfactorily  around  n  =  32.  While  this  performance  already  compares 
favourably  with  electric  field  ionization,  it  is  certainly  of  interest  to 
explore  the  basic  limitations  of  the  new  method  for  selective  detection  of  much 
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higher  states.  The  most  obvious  limitations  arise  from  the  selection  laser 
performance.  It  can  be  shown  that  the  selection  laser  bandwidth  Al  satisfy 
the  cpproximate  condition  s  |6Rkvo“^l»  if  filter  is  to  be  operated  in 
the  k-th  cross  section  zero  of  the  state  vo*  ^ame  time,  the  laser  energy 

flux  ifL  must  be  adjusted  according  to  «  Al"^  for  saturation  of  the  core 

transition  of  all  other  states  v  ^  v..  By  extrapolation  of  the  experiment 
disrlayed  on  fig.  2  we  can  estimate  that  today's  state  of  the  art  excimer  or 
NdtYAG  pumped  pulsed  dye  lasers  allow  filter  operation  up  to  Vq  i  100.  Flash- 
lamp  pumped  dye  lasers  may  even  work  at  considerably  higher  vn,  due  to  their 
lower  fourier-transform  limited  bandwidth  and  higher  energy  flux  (5), 

At  the  present  time  these  considerations  are  still  theoretical,  but 
experiments  are  under  way  to  explore  the  performance  of  the  Rydberg  filter  in 
more  detail  and  apply  it  to  actual  problems. 


3.  OTHER  APPLICATIONS  OF  THE  OFF  RESONANT  CORE  EXCITATION 

In  the  previous  section  we  have  investigated  the  possibility  of  preparing 
atoms  in  specific  states  vq  out  of  a  random  sample  of  Rydberg  atoms,  using  off 
resonant  core  excitation.  With  some  variations  the  same  technique  may  be 
applied  to  detect  other  properties  of  Rydberg  atoms  with  high  precision,  which 
will  be  outlined  in  the  following  (see  also  reference  5). 

First,  one  may  address  the  obvious  question  of  also  measuring  the  angular 
momentum  quantum  number  t  of  Rydberg  atoms.  This  is  by  far  not  a  trivial  task 
for  conventional  detection  methods,  and  in  many  cases  only  works  if  the  t- 
degeneracy  is  sufficiently  removed  as  to  allow  conclusions  about  the  t-value 
by  the  measured  energy  of  the  Rydberg  state.  This  is  a  rather  unsatisfactory 
approach,  since  for  »  >  3  all  Rydberg  levels  are  practically  degenerate.  On 
the  other  hand,  t-measurement  via  spontaneous  optical  decay  of  Rydberg  states 
suffers  from  extremely  low  efficiency,  since  Rydberg  atoms  are  rather  stable. 
Here  it  appears  as  if  off  resonant  core  excitation  also  offers  an  interesting 
alternative. 

We  have  already  made  an  experiment  where  the  core  transition  laser  was 
detuned  so  far  towards  high  energies  that  the  Rydberg  electron  had  to  make  a 
monopole  transition  into  the  continuum  ("shake  off  transition")  in  order  to 
fulfil  the  energy  conservation  law.  Since  the  shake  off  transition  is  still 


FIGURE  2 

Transmission  curve"  of  the  Rydberg  filter.  (•)  Experiment  (X)  Theory 


State  Selective  Laser  Detection  of  Rydberg  Atoms 


789 


governed  by  the  selection  rule  At  =  0,  such  an  experiment  offers  the  possibility 
of  measuring  the  initial  t-value  by  determination  of  the  angular  distribution 
of  shake  off  electrons.  The  difficulty  of  such  an  approach  lies  in  the  fact 
that  the  electrons  tend  to  have  rather  low  energies,  since  the  shake  off 
probability  decreases  rapidly  with  increasing  detuning  of  the  core  transition 
laser.  The  preliminary  data  obtained  so  far  suggest,  however,  that  a 
reasonable  compromise  can  be  found  between  sufficient  electron  energy  on  the 
one  hand  and  sufficient  intensity  of  the  other  to  make  this  method  a  valuable 
spectroscopic  tool  for  the  investigation  of  high  Rydberg  states. 

As  a  final  remark  we  may  mention  that  equation  1  also  provides  a  simple 
recipee  to  measure  the  effective  quantum  number  ug  of  a  Rydberg  state  to  a 
very  high  accuracy.  One  simply  has  to  evaluate  the  measured  pattern  u(k,vo)  of 
cross  section  zeroes  when  the  laser  is  continuously  detuned  from  the  resonant 
core  transition.  Most  accurate  results  are  obtained  if  one  evaluates  the 
frequency  distances  between  the  zero  cross  section  points  and  compares  them 
with  a  reference  etalon,  thereby  eliminating  the  need  of  measuring  absolute 
laser  wavelengths.  Provided  that  all  corrections  to  equation  1  are  properly 
taken  into  account  and  that  a  sufficient  number  of  zeroes  is  evaluated,  one  can 
obtain  extremely  accurate  values  for  the  effective  quantum  number  vg.  In  a 
first  experiment,  we  have  measured  the  effective  quantum  number  of  the  6s42d 
state  in  Ba  to  a  relative  accuracy  of  few  times  in  10"^,  by  evaluation  of  some 
50  to  60  cross  section  zeroes. 

There  are  two  interesting  aspects  of  such  an  approach.  First,  the  method  is 
insensitive  to  multi  channel  interaction  effects  in  complicated  atoms.  Second, 
it  requires  no  knowledge  of  the  ionization  limit  of  the  system,  in  contrast  to 
usual  methods  of  ug-determination.  Hence,  we  may  obtain  accurate  quantum 
defects  for  QDT  analysis  even  in  those  systems  where  the  ionization  limit  is 
only  poorly  known  (like  some  open  shell  atoms).  Moreover,  we  may  even  use  the 
obtained  Vg-value,  together  with  the  excitation  energy  E(vg)  of  the  initial 
Rydberg  state  to  determine  the  ionization  energy  Ig  of  the  atom  according  to 
Rydberg's  law  E(vg)  =  Ig  -  R/vg^.  Experiments  along  these  lines  are  in  progress. 


4.  CONCLUSIOH 

This  paper  focuses  on  the  various  possibilities  of  investigating  and 
detecting  atomic  Rydberg  states  by  off  resonant  core  excitation.  While  the 
process  itself  is  far  from  being  new,  we  have  tried  to  demonstrate  that  it  may 
still  bear  some  interesting  aspects  as  a  laser  spectroscopic  tool  for  thr  study 
of  the  initial  bound  Rydberg  state.  First  experimental  studies  yielded  some 
promising  results  along  these  lines. 
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High-resolution  autodetachment  spectroscopy  of  FeO"  has  been  used  to  study 
the  ionic  ground  state  as  well  as  electronically  excited  states  located  in 
the  vicinity  of  the  FeOC^a^)  thresholds.  The  observed  autodetachment  re¬ 
sonances  suggest  two  qualitatively  different  types  of  electronic  states  in 
this  region,  a  ‘‘a  valence  state  and  two  negative  ion  complexes  consisting 
of  an  Fe0(^a3)  tore  and  an  s  or  p  electron  primarily  bound  by  the  dipolar 
electric  field  of  the  neutral  core.  The  dependence  of  autodetachment 
lifetimes  upon  the  rotational  quantum  numbers  of  the  excited  states  shows 
markedly  different  properties  for  the  two  types  of  states.  A  significant 
difference  in  autodetachment  lifetimes  is  observed  for  the  two  A-douhlet 
components  assigned  to  the  FeO-p  electron  complex.  We  propose  that  a  dif¬ 
ference  in  the  location  of  the  electron  density  of  the  detaching  electron 
with  respect  to  the  plane  of  rotation  is  responsible  for  the  A-doublet 
effect. 


1.  INTRODUCTION 

The  recent  observation  (1)  of  dipole-bound  excited  states  in  the  acetal¬ 
dehyde  enolate  negative  ion  has  opened  up  new  possibilities  for  structural 
and  dynamical  studies  of  molecular  anion  systems  by  means  of  photodetachraent 
spectroscopy.  In  addition  to  valence  states,  some  negative  ions  may  exhibit 
dipole-bound  excited  states  where  the  extra  electron  is  bound  primarily  by  in¬ 
teraction  with  the  electric  dipole  moment  of  the  neutral  core.  Dipole-hound 
states  are  predicted  (2)  to  exist  in  a  number  of  anion  systems  since  all  mole¬ 
cules  with  dipole  moments  larger  than  approximately  2  D  should  be  able  to  sup¬ 
port  dipole-bound  states.  These  states  are  characterized  by  the  small  binding 
energy  of  the  electron,  the  presence  of  the  electron  in  a  diffuse  orbital  with 
large  radius,  and  by  the  weak  perturbation  of  the  core. 

Dipole-bound  states  can  be  viewed  as  the  next  step  beyond  Rydberg  states, 
since  the  binding  is  caused  by  an  electric  dipole  field  rather  than  by  an 
electric  monopole  field.  The  orbital  of  the  dipole-bound  electron  must  be 
orthogonal  to  the  orbitals  of  the  core  (3-5),  introducing  nodal  structures 
not  seen  in  point-charge  systems.  Even  the  existence  of  dipole-bound  states 
was  suggested  from  electron  scattering  by  polar  molecules  (6,7)  or  from  low- 
resolution  photodetachment  of  highly  polar  negative  polyatomic  ions  (8,9) 
dipole-bound  states  were  first  identified  unambiguously  from  high-resolution 
photodetachment  spectroscopy  data  last  year  (1,10). 

To  gain  more  insight  into  the  properties  of  dipole-bound  excited  states 
it  would  be  valuable  to  study  a  few  selected  diatomic  systems.  Such  a  study 
would  not  only  yield  Information  about  structural  properties,  but  would  also 


*1984-85  JILA  Visiting  Fellow.  Permanent  address:  Institute  of  Physics, 
University  of  Aarhus,  Denmark. 


792 


T.  Andersen  etal. 


enable  some  insight  to  the  dynamics  of  these  states.  Rotational  levels  of 
dipole-bound  states  located  energetically  above  the  electron  affinity  limit 
may  decay  by  autodetachment.  The  dynamical  aspect  of  this  process,  which  in¬ 
volves  the  transfer  of  energy  from  the  core  of  the  molecule  to  the  loosely 
bound  electron,  is  controlled  by  the  coupling  between  rotational  energy  and 
electronic  energy.  This  coupling  mechanism  is  also  known  to  play  an  important 
role  in  some  autoionization  processes  (11),  but  rotational  autoionization  is 
often  difficult  to  study  in  detail  due  to  lack  of  rotationally  resolved  auto¬ 
ionization  lifetimes. 

In  this  brief  report  we  describe  some  of  the  main  results  of  the  first 
study  of  dipole-bound  states  in  a  diatomic  system,  the  FeO"  molecule.  ^  more 
detailed  description  will  be  published  elsewhere  (12).  In  order  to  select 
diatomic  systems  for  dipole-bound  state  studies  two  prerequisites  must  be 
taken  into  account.  The  dipole  moment  of  the  neutral  molecule  should  be  ap¬ 
proximately  2  0  or  larger  and  the  electron  affinity  of  the  molecule  should 
both  be  known  and  be  within  the  wavelength  region  accessible  by  tunable 
lasers.  Many  diatomic  molecules  with  large  dipole  moments  have  electron 
affinities  (13)  too  small  to  be  studied  at  the  present  time  due  to  lack  of 
suitable  tunable  infrared  lasers.  At  the  time  we  began  this  study,  these 
two  prerequisites  limited  our  possibilities  to  one  system,  the  FeO"  molecule. 
The  FeO  molecule  is  known  to  have  a  ^4  ground  state  (14),  an  electron  affinity 
reported  to  be  1.492  ±  0.020  eV  (15),  and  a  calculated  dipole  moment  on  ~3.3  n 
(16). 

The  experimental  equipment,  a  coaxial  beam  photodetachment  apparatus  and  a 
laser  system  have  been  described  in  detail  before  together  with  the  experimen¬ 
tal  procedures  (1,12,17).  For  further  experimental  details,  the  reader  is  re¬ 
ferred  to  the  previously  published  information. 


2.  RESULTS 

In  order  to  be  able  to  perform  dynamical  studies  involving  molecular 
anions,  such  as  rotational  or  vibrational  autodetachment,  it  is  necessary 
first  to  characterize  the  structural  properties  of  the  excited  negative  ion 
states.  For  a  molecule  such  as  FeO*  it  can  be  expected  that  besides  dipole- 
bound  excited  states  also  valence  states  can  be  located  energetically  close  to 
the  electron  affinity  limit. 

2.1.  Low  and  medium  resolution  data 

The  photodetachment  of  FeO*  near  threshold  was  investigated  at  successively 
higher  levels  of  resolution  ranging  from  1  cm"*  to  20  MHz  (0.0007  cm"*).  The 
most  structured  region  of  the  spectrum  (at  1  GHz  resolution)  is  shown  in  Fig, 
1.  The  typical  rotational  structure  seen  in  this  figure  consists  of  well- 
resolved  and  equally  intense  R  and  P  branches  separated  by  an  unresolved  Q 
branch.  This  intensity  pattern  is  consistent  with  transitions  between  states 
with  the  same  angular  momenta  (18),  such  as  n-n  or  4-4.  A  similar  rotational 
system,  but  with  the  P  branch  more  intense  than  the  R  branch,  was  observed  at 
higher  (222  cm"*)  frequencies.  Rotational  analysis  (12)  of  the  two-band  sys¬ 
tems  showed  that  the  -100  broad  autodetachment  resonances  (>1  GHz)  observed 
could  be  assigned  to  transitions  between  the  X‘*4^  (i  =  7/2,  5/2)  ground  state 
of  FeO*  and  an  excited  A'*45/2  valence  state.  The  effective  structural  parame¬ 
ters  for  these  two  states  are  given  in  Table  1  together  with  results  for  ex¬ 
cited  states  described  in  the  following. 

2.2.  High-resolution  data 

A  significant  part  of  the  energy  region  11700-12200  cm"*  above  the  FeO" 
'*47/2  ground  level  was  studied  with  the  laser  operating  single  mode,  yielding 
data  from  the  photoelectron  spectrometer  at  its  Ooppler-l imit  resolution  of 
20  MHz  (-0.0007  cm"*).  More  than  300  well-resolved  and  narrow  resonances 
(<1  GHz)  were  observed.  The  observation  of  two  markedly  different  sets  of 
autodetaching  resonances  in  the  vicinity  of  the  Fen(54. )  thresholds  strongly 
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FIGURE  1. 

Medium  resolution  (1  GHz  or  (1.03  cm*')  scan  of  the  slow  electron  cross  section 
in  the  11804-11924  cm*'  frequency  region.  The  rotational  spectrum  is  due  to 
transitions  between  the  X‘*i5/2  ground  state  of  FeO"  and  the  A‘*a^/2  state. 

Table  1.  Effective  parameters  for  the  observed  FeO'  states  (cm*^). 


State  0  Tjj  B  10®  n 


X^A 

7/2 

0 

0.4971(2) 

0.91(32) 

5/2 

222.52(3) 

0.4996(2) 

0.96(23) 

3/2 

459.75(5) 

0.5017(9) 

1.21(33) 

A-»A 

5/2 

12081.75(5) 

0.5043(1) 

1.34(21) 

3/2 

12291(3) 

[®A3]*s 

7/2 

12011.21(46) 

0.5044(3) 

3.63(64) 

[5a3]-p 

5/2 

12221.23(5) 

0.4806(9) 

1.40(31) 

Error  limits  are  one  standard  deviation  in  units  of  the  last  significant 
figure  quoted.  The  Fe0(5a4)  and  FeO(Sa3)  states  are  located  12042  ±  40  cm*' 
(Ref.  19)  and  12227  ±  40  cm*',  respectively  above  the  FeO*('*A7/2)  state  with 
B  =  0.5168  cm*'  and  0  =  0.725  x  10*6  cm*'  (Ref.  14). 


indicates  that  we  are  observing  two  qualitatively  different  types  of  elec¬ 
tronic  states  in  FeO*,  valence  states  and  dipole-bound  states.  The  large  ma¬ 
jority  of  the  narrow  resonances  can  be  assigned  to  transitions  from  the  FeO* 
ground  state  to  two  dipole-bound  states,  best  characterized  as  negative  ion 
complexes  consisting  of  an  Fe(5(6a^)  core  and  a  loosely  bound  s  or  p 
electron.  In  the  present  study  we  have  only  observed  the  complexes  with  an 
FeO(6A3)  core.  A  detailed  discussion  of  the  assignment  of  these  dipole-bound 
states  will  be  given  elsewhere  (12). 

An  energy  level  diagram  for  FeO*  and  FeO  showing  the  transitions  observed 
in  FeO*  is  given  in  Fig.  2.  The  FeO  energy  scale  is  based  upon  recent 
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FIGURE  2. 

Energy  level  diagram  of  FeO'  and  FeO  wlt)i  the  observed  transitions  indicated. 


photoelectron  spectroscopy  data  from  this  laboratory  (19)  yielding  the  FA(Fer)) 
to  be  12042  ±  40  cm"*  and  Merer 's  spectroscopic  studies  of  FeO  (14),  Figure  7 
shows  that  the  binding  energies  are  ~220  cm"*  and  -6  cm"*,  respectively,  for 
the  s  and  p  electron.  To  explain  the  large  binding  energy  for  the  s  electron 
or  the  existence  of  a  p  complex  for  which  calculations  (20)  had  predicted  that 
the  dipole  moment  should  be  >9  0,  it  is  necessary  to  assume  that  short-range 
forces,  in  addition  to  the  dipole  field  effects,  are  playing  a  significant 
role  in  the  binding  of  the  outer  electron  in  these  FeO"  s  or  p  electron 
complexes.  The  short-range  forces  may  also  explain  the  fact  that  we  have  not 
been  able  to  observe  any  of  the  dipole-bound  levels  located  below  the 
detachment  limit  by  means  of  electric  field  effects  (1). 

2.3,  Linewidths  and  lifetimes 

The  widths  of  many  autodetaching  lines  belonging  to  the  identified  band 
systems  have  been  measured  with  the  highest  resolution  available,  different 
transitions  terminating  in  the  same  upper  state  have  been  observed  to  have 
identical  linewidths.  The  line  shapes,  when  not  limited  by  the  20  MHz  instru¬ 
mental  resolution,  are  Lorentzian.  The  results  presented  in  Figs.  3  and  4  are 
obtained  by  fitting  the  lines  to  a  Lorentzian  function. 

The  rotational  dependence  of  the  FeO*  autodetachment  rates  for  the  *'*45/2 
valence  state  is  shown  in  Fig.  3,  The  detachment  rate  increases  linearly  with 
rotational  energy.  A  similar  behavior  has  previously  been  seen  for  valence 
states  in  €2"  (17).  The  detachment  rate  seems  not  to  be  influenced  by  the 
Fe0(5a3)  threshold,  indicating  that  the  autodetachment  process  occurs  to  the 
Fe0(^4^)  +  e  continuum.  Even  though  rotatlonal-to-electronic  energy  coupling 
plays  an  important  role  in  the  overall  photodetachment  process,  the  main  con¬ 
tribution  at  low  J  is  due  to  another  coupling  mechanism.  In  order  to  detach 
to  the  Fe0(544)  +  e  continuum,  realignment  of  the  spins  in  the  *'*45/2  state  is 
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FIGURE  3. 

Rotational  dependence  of  the  reO"  autodetachment  rates  for  the  A'*i5/2 
valence  state  (v)  and  the  dipole-bound  Fe0{5fij)-s  electron  complex  (DP). 
The  FeO(*ai,  and  thresholds  are  indicated. 


needed.  It  is  therefore  likely  that  the  spin-orbit  coupling  mechanism  is  of 
primary  importance  ir  transforming  internal -to-electronic  energy. 

Figure  3  also  shows  the  rotational  dependc.ice  of  the  autodetachment  rates 
for  the  Fe0(^43)-s  electron  complex.  The  detachment  rates  increase  nearly 
linearly  with  rotational  energy  for  the  levels  located  below  the  FeflfSftj) 
threshold.  Above  this  threshold  a  fast  rise  in  detachment  rates  sets  in.  The 
slowly  detaching  levels  can  only  decay  to  the  Fen(^Ai,)  level  system,  whereas 
the  faster  detaching  levels  also  can  detach  to  the  FeOf^aj)  level  system. 

A  very  fast  rise  in  detachment  rates  has  previously  (1)  been  seen  for  the 
dipole-bound  states  of  acetaldehyde  enolate  just  above  the  detachment  limit. 
The  rapid  rise  in  detachment  rate  just  above  the  Fe0(5a3)  threshold  most 
likely  reflects  nearly  identical  structural  properties  of  the  core  of  the 
dipole-bound  state  and  of  Fe0(5a3). 

Any  autodetachment  process  must  conserve  energy  and  angular  momentum.  The 
rotational  angular  momenta  for  the  autodetaching  state  and  for  the  neutral 
molecule  must  satisfy  the  triangular  conditions  with  the  electron  orbital 
angular  momentum.  For  the  J  levels  of  the  FeO(^A3)-s  complex  located  ahove 
the  FeO(®a3)  threshold  (J  >  21.5)  these  requirements  can  only  be  fulfilled  for 
the  rotational  autodetachment  process  by  the  transfer  of  a  rather  large  number 
of  quanta  of  rotational  energv  to  electronic  motion.  The  much  lower  detach¬ 
ment  rates  observed  for  the  •<  levels  located  below  the  FeOC^ij)  threshold 
(J  <  19.5)  are  considered  to  oe  associated  with  the  spin  rearrangement  process 
in  the  core  of  the  complex.  Whereas  the  *A3  ♦  rearrangement  process  is 
thought  to  play  an  important  role  In  the  detachment  of  the  valence 
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FIGURE  4. 

Rotational  dependence  of  the  Fe0‘  autodetachment  rates  for  the  two  pw  A- 
doublet  components  assigned  to  the  FeO(5A3)-p  electron  complex.  Triangles 
represent  the  lower  doublet  component.  The  FeO(5A3  and  5^^)  thresholds  are 
Indicated . 


state,  it  may  be  much  less  effective  in  causing  fast  detachment  from  dipole- 
bound  states. 

Figure  4  shows  the  rotational  dependence  of  the  autodetachment  rates  for 
the  two  piT  A-doubling  components  assigned  to  the  Fen(5A3)-p  electron  complex. 
The  detachment  rates  are  nearly  identical  at  low  J,  but  differ  at  high  J  with 
the  upper  A-doublet  component  detaching  faster  than  the  lower  one.  The  dif¬ 
ferent  detachment  rates  may  be  attributed  to  different  structural  properties 
of  the  two  A-doublet  levels.  For  molecules  such  as  OH  the  different  dynamical 
properties  of  A-doublet  levels  are  assumed  (21)  to  be  due  to  a  difference  in 
the  ¥  electron  wave  function  in  the  A-doublet  levels.  The  electron  density  of 
the  single  occupied  OH  w  orbital  forms  lobes  either  in  the  plane  ot  rotation 
or  perpendicular  to  this  plane.  Accordingly,  the  former  state  shows  a  much 
greater  rotational  energy  dependent  deformation  than  the  latter.  Markedly 
different  detachment  rates  for  A-doublet  components  in  NH"  have  recently  (221 
been  accounted  for  by  an  analogous  mechanism.  We  believe  that  a  similar  des¬ 
cription  is  valid  for  the  A-doublet  levels  of  the  FeO(5A3)-p  complex.  A  dif¬ 
ference  in  the  location  of  the  electron  density  of  the  detaching  electron  with 
respect  to  the  plane  of  rotation  would  be  most  noticeable  at  high  J  levels,  in 
agreement  with  the  experimental  observations. 


3.  niSCUSSION  AND  CONCLUSION 

The  present  study  has  shown  that  it  is  possible  to  obtain  detailed  struc¬ 
tural  and  dynamical  information  from  studies  of  autodetachment  resonances  in 
rather  complex  negative  molecular  ions.  The  prediction  (15)  that  the  ground 
state  of  FeO"  is  a  '*A  state  is  in  agreement  with  the  present  data,  whereas  the 
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ground  state  proposed  by  Krauss  and  Stevens  (16)  is  inconsistent  with  the 
experimental  observations.  The  structural  properties  of  the  ground  states  of 
FeO"  and  FeO  are  found  to  be  very  similar.  The  dipole-bound  states  observed 
support  the  prediction  (2)  from  the  dipole  field  model  that  molecules  with 
dipole  moments  larger  than  ~2  D  are  able  to  support  dipole-bound  states.  The 
structural  properties  of  the  dipole-bound  states  reflect  properties  well  known 
from  Rydberg-t  complexes  (18,23).  Contrary  to  theoretical  predictions  (2)  the 
rotational  energies  of  dipole-bound  states  observed  to  date  are  well  described 
by  the  usual  J(J+1)  dependence.  The  properties  of  the  Fen(5A3)-s  or  p 
electron  complexes  clearly  deviate  from  the  predictions  based  upon  the  simple 
dipole-field  model.  The  binding  energies  of  these  complexes  can  only  be 
accounted  for  taking  short-range  forces  into  account  and  the  simplicity 
characterizing  the  spectra  of  dipole-bound  states  in  acetaldehyde  enolate  (1) 
is  lacking  due  to  insufficient  rotational  coupling. 

Recent  studies  (24)  involving  rotational  autoionization  of  Rydberg  states 
in  molecules  such  as  K2  have  shown  that  the  dynamical  process  occurs  by  trans¬ 
fer  of  large  amounts  of  quanta  of  rotational  energy  to  electronic  motion.  The 
rotational  autodetachment  of  the  FeO(5Aj)-s  electron  complex  seems  to  exhibit 
the  same  properties.  Broyer  et  al .  (24)  have  attributed  this  phenomenon  to 
the  nonspherical  character  of  the  potential  energy  seen  by  the  loosely  bound 
electrons.  This  effect  would  be  even  more  important  for  negative  ions  than 
for  neutral  molecules.  Further  studies  of  rotational-to-electronic  energy 
transfer  seem  to  be  needed  to  obtain  a  better  understanding  of  the  physical 
mechanisms  involved  in  these  processes.  The  present  investigation  shows  that 
rotational-to-electronic  energy  transfer  for  valence  and  dipole-hound  states 
in  the  same  molecule  can  exhibit  markedly  different  energy  dependence.  This 
difference  in  behavior  may  be  useful  for  identification  of  the  two  types  of 
states  in  future  studies  of  molecular  anions. 

Even  though  the  present  study  has  yielded  insight  into  a  number  of  ques¬ 
tions  related  to  the  presence  of  dipole-bound  states  in  the  diatomic  systems, 
future  studies  of  dipole-bound  states  in  diatomic  systems  should  he  directed 
toward  molecules  with  simpler  structures.  Roth  molecules  with  large  dipole 
moments,  such  as  the  alkali  halides,  and  molecules  with  dipole  moments  close 
to  the  limit  for  binding  an  electron  are  of  interest. 
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MODIFIED  PHOTODETACHMENT  THRESHOLD  BEHAVIOR  NEAR  RESONANCES 
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Modified  formulae  for  photodetachment  threshold  behavior  affected  by  three 
different  types  of  resonances,  such  as  shape,  Feshbach,  and  virtual  state 
resonances  been  studied  and  applied  to  available  experimental  results. 


1.  INTRODUCTION 

The  energy  dependences  of  scattering  cross  sections  near  resonances,  and 
near  new  channel  thresholds,  have  each  been  the  subject  of  extensive  theoreti¬ 
cal  and  experimental  studies  in  the  fields  of  atomic,  nuclear,  and  elementary 
particle  physics.  However,  little  attention  has  been  given  to  the  effects 
that  result  when  thresholds  are  close  to  resonances.  Until  recently,  observa¬ 
tion  of  these  effects  has  probably  been  inhibited  because  experiments  have  not 
had  sufficient  energy  resolutions.  The  development  of  laser  photodetachment 
techniques  has  now  removed  that  barrier  and  the  combined  effects  have  already 
been  seen.^ 

The  negative  ion  resonances  that  are  observed  frequently  in  electron  scat¬ 
tering  have  provided  both  stimulus  and  test  in  the  development  of  the  theory 
of  the  short-range  correlation  interactions  that  cause  them.  In  atomic 
systems,  these  resonances  occur  commonly  at  energies  in  the  vicinity  of  the 
excited  states  of  the  neutral  target,  where  the  loosely  bound  excited  electron 
can  share  Che  attractive  force  of  the  Ion  core  with  the  low-energy  scattered 
electron  to  form  a  loosely  bound  temporary  compound  state.  Thus  It  Is  more 
the  rule  than  Che  exception  that  negative  Ion  resonances  lie  close  to  thres¬ 
hold,  and  It  Is  not  surprising  Chat  their  combined  effects  have  now  been 
observed  In  photodetachment  experiments. 

Wlgner^  first  derived  threshold  laws  for  opening  channels  that  yield  a  pair 
of  outgoing  products,  and  showed  that  the  behavior  Is  independent  of  the  exci¬ 
tation  mechanism  and  depends  only  on  the  long-range  interaction  between  Che 
product  particles.  Thus  the  threshold  laws  are  the  same  for  photodetachment 
as  for  electron  scattering.  Both  of  these  reactions  are  characterized  by 
short-ranged  correlation  forces  and.  Ignoring  other  effects,  the  cross  sec¬ 
tions  near  threshold  should  follow  the  Wigner  law  for  neutral  products,  namely 


o 


(1) 


vhere  k  and  X  are  the  linear  and  angular  momentum  of  the  outgoing  state.  In 
terms  of  energies,  this  expression  becomes 
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a  ~  (E  -  (2) 

where  E  and  Eq  are  the  total  and  threshold  energies  of  the  system.  Although 
the  threshold  laws  are  the  same  for  the  two  types  of  excitation,  unlike 
electron  scattering,  photodetachment  has  well-defined  final  aigular  momentum 
states  due  to  optical  selection  rules,  a  property  that  simplifies  the  analysis 
of  experimental  results. 

Similar  to  the  resonance  phenomena  in  other  short-range  potential  systems 
(atom-atom,  neutron-nucleus,  etc.),^  electron  scattering  and  photodetachment 
resonances  are  of  three  types.  In  the  electron-atom  (molecule)  systems  they 
are  caused  by  the  short-ranged  attractive  correlation  potentials  Chat  commonly 
exist  in  the  collision  complex  at  energies  near  the  thresholds  of  excited-state 
channels.  If  the  correlation  potential  Is  sufficiently  strong  that  the  com¬ 
pound  state  is  "bound"  below  the  continuum  of  the  excited  channel  state,  it  is 
a  “bound,"  "closed-channel,"  or  "Feshhacb"  resonance.  If  the  attractive 
potential  Is  not  quite  strong  enough  to  form  a  Feshbach  resonance,  a  "virtual 
state"*  can  exist  for  an  s-wave  channel  (Jb'O),  or  a  "shape"  resonance  can 
exist  If  1  >1.  The  scattering  phase  changes  rapidly  and  passes  through 
(n+l/2)it  as  the  total  energy  passes  through  the  levels  of  Feshbach  and  shape 
resonances,  but  It  does  not  quite  reach  (n+1/2) n  In  the  case  of  a  virtual 
state. 

Dramatic  Interference  effects  due  to  Feshbach  resonances  were  first 
observed  by  Patterson  et  al.^  in  the  photodetachment  of  K”,  Cs”  and  Rb"  just 
below  the  thresholds  of  the  first  excited  neutral  product  channels.  In  later 
experiments,^  departures  from  the  Ulgner  threshold  law  for  the  production  of 
these  excited  s-wave  channels  were  found  to  exist  within  about  120  peV  for  K 
and  Cs.  In  later  experiments,^  deviations  were  found  within  25  peV  for  Cs. 

Frey  et  al.^  have  observed  similar  deviations  In  their  partial  cross 
section  measurements  on  Rb“.  We  have  recently  observed  and  analyzed®  the 
deviations  due  to  a  shape  resonance  near  the  He(2®P)  threshold  In  He“  photo- 
detachment  and  also®  the  effects  of  a  virtual  state  on  the  Wlgner  cusp  In  Ll” 
photodetachment  at  the  ^P  threshold.  Here,  based  on  that  work®*®  we  derive 
parametric  threshold  formulae  which  show  explicitly  the  characteristics  of 
neighboring  resonances.  We  treat  the  effects  of  shape  and  Feshbach  resonances 
on  the  behavior  of  a  single  opening  channel;  the  effects  of  a  virtual  state 
are  treated  for  a  two-channel  system. 


2.  SINGLE  CHANNEL  THRESHOLD  BEHAVIOR  NEi«  SHAPE  OR  FESHBACH  RESONANCE 

The  total  cross  section  for  the  photoexcitation  of  a  single  opening 
detachment  channel  may  be  written  as 

~  *  (3) 

where  Mjj  is  the  dipole  matrix  element  connecting  the  Initial  (negative  Ion) 
and  final  (atom  +  electron)  states.  contains  only  contributions  from  a 
small  finite  region  of  space  because  of  the  localization  of  the  Initial  wave 
function.  Since  we  are  concerned  only  with  the  behavior  of  the  opening  chan¬ 
nel  near  its  threshold,  the  asymptotic  energy  of  the  final  state  wave  function 
can  be  considered  Infinitesimal  compared  to  the  Interaction  energy  In  this 
localize  region,  the  only  characteristic  of  the  local  final  state  wave 
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lanction  chat  Is  senaXcive  to  small  variations  of  Che  asymptotic  energy  Is  the 
amplitude,  which  Is  proportional  to  the  inverse  of  the  (volume)  normalization 
factor  of  the  asymptotic  wave  function.  Following  this  idea,  O'Malley^® 
factored  as 

M*  ,  (4) 


where  is  the  normalization  factor  of  the  asymptotic  final  state  electron 
wave  function  and  M*  is  a  constant  to  lowest  order  in  O'Malley^®  also 

noted,  with  reference  to  Gillespie^^  that  Nj^  is  connected  to  the  Jost  function 


by 


(5) 


and  we  note  chat  the  Jost  function  Is  related  to  the  scattering  matrix  Sj^  by 
Sj^(k)-£jj(-k)/f  ^(k)  Here,  the  Jost  function  describes  the  half  collision 

process.  Now,  from  Eqns.  (3-5),  we  see  that  the  cross  section  of  the  new 
opening  channel  near  its  threshold  may  be  written  as 

Oj^  ~  jj{k)  j"2.  (5) 

He  note  that  a  resonance  can  be  identified'-^ with  a  pole  of  the  scattering 
matrix  (or  a  zero  of  the  Jost  function)  in  the  complex  k-plane.  If  there  is 
no  resonance  near  the  threshold,  Chen  fj^fk)  is  not  close  to  a  zero  and  can  be 
regarded  as  constant  for  small  values  of  k,  and  Che  cross  section  Eq.  (6)  fol¬ 
lows  the  Higner  threshold  law.  However,  If  there  is  a  zero  of  f  ^(k)  near 
k  ~  0,  then  fji(k)  can  vary  strongly,  and  Eq.  (6)  can  deviate  from  the  Higner 
law  very  close  to  the  threshold. 

In  order  to  see  how  t jik)  depends  on  k  when  it  has  a  zero  close  to  the 
threshold,  k~0,  we  let  the  interaction  potential  of  the  final  state  be  )V(r), 
where  V(r)  describes  only  the  form  of  the  potential,  and  \  represents  its 
strength.  He  assume  that  V(r)  is  short  ranged  (for  large  V(r)  -r~",  where 
n>2),  and  strength  is  such  that  if  the  zero  of  ij((k)  occurs  at  the 

threshold,  k-0  (zero  energy  resonance).  Since  we  want  to  treat  the  cases 
where  the  resonances  occur  close  to  k>0,  not  only  is  k  small  but  so  is 
|x-«Xq|.  Therefore  fj^(k)  can  be  expanded  as 

f;j(k)  ~  Pjk^+lYjjk^**^^+Tiji{X-XQ)  +  higher  order  terms,  (7) 


where  Yj^i  ond  1}^,  are  real  constants  that  depend  only  on  the  shape  of  the 
potential  (not  on  its  strength).  Thus  we  have 


|f  jj(k)  (k^-ki^)^+Y^k^'*'’^  +  higher  order  terms,  (g) 


2 

where  kj^^— qjj( \-Xq)/P^  and  Y“Tji/Pjf  For  *«0, 
quadratic  in  k^,  and  using  Che  relation  k^/2 
can  transform  Eq.  (8)  into 


the  dominant  terms  in  Eq.  (8)  are 
-  E  -  Eq  and  k^^/2  •  Ej^  -Eq  we 


|fjl(k)|2-F(E-EQ)[(E-E5)^  +(r/2)2] 


(9) 


where  Eq  is  the  threshold  energy,  F(E-Eq)  is  a  slowly  varying  function  of 
E-tfQ:,  and  E|^  and  r/2  are  the  real  and  Imaginary  parts  of  pole  position  in  the 
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2 

complex  Emplane.  For  ,  dominant  terms  in  Eq*  (8)  are  cubic  in  kr  ^  and  ve 
can  transform  Eq.  (8)  into 

|fjj(k)|2-G(E-Eo)(E-Eo+A)  [(E-Er)^  +  (  r/2)2]  (10) 

where  G(E-Eq)  Is  a  slowly  varying  function  of  E-Eg,  and  |a|»|e-Eq|,  if  there 
is  only  one  pole  affecting  the  threshold  behavior.  For  1>2,  if  there  is  only 
one  pole  is  affecting  the  threshold,  it  is  possible  to  transform  Eq>  (8)  into 
a  similar  form  to  Eq.  (9).  Therefore,  for  any  t,  we  have 

|f^(k)|2  ~  (E  -  E[i)2  +  (r/2)2  .  (11) 


Finally,  by  combining  Eqns.  (6)  and  (11),  we  conclude  that  near  the  thres- 
hold  cross  section  for  a  single  opening  channel  (for  any  i)  is  approximately 


a 


(e  -  E^ 


1/2 


(e  -  Ejjf  +  (r/2f 


(12) 


which  is  simply  a  product  of  the  Wigner  threshold  law  and  the  Breit-Wlgner 
resonance  formula.  We  now  present  some  applications. 

a.  Shape  Resonance 

Eq.  (12)  was  first  derived  to  account  for  difficulties  encountered  in  try¬ 
ing  to  use  the  Wigner  law  to  fit  our  He~  photodetachment  data  near  the  He(2^P) 
threshold.^  Figure  1  shows  the  data  and  a  least-squares  fit  (dashed  curve)  of 
the  first  seven  data  to  the  Wigner  threshold  law.  Due  to  the  strong  effects 
of  the  shape  resonance  the  cross  section  rapidly  deviates  from  the  Wigner  law, 
and  we  found  that  the  threshold  value  Eq  obtained  by  fitting  thu  data  to  it 
Increased  substantially  as  more  data  above  the  threshold  were  included  in  the 
fitting  procedure.  Thus  the  Wigner  law  could  not  be  used  with  these  data.  On 
the  other  hand,  equation  (12)  which  gave  quite  good  fits  not  only  to  the 
threshold  data  as  shown  in  Figure  1,  but  to  the  entire  resonance  peak  as  well, 
as  is  seen  in  Figure  2.  The  fit  to  the  entire  resonance  yielded  £^“+10.840.3  meV 
and  1^7.410.3  raeV.  These  values  were  then  used  in  equation  (12)  to  determine 
Eg  from  the  data  in  Figure  1,  and  yielded  Eg”1222 .1 11 .0  meV,  from  which  we 
obtained  an  electron  affinity  for  He(2^S)  of  77.611.0  meV. 

b.  Feshbach  Resonance 

We  also  have  found  chat  equation  (12)  can  also  be  applied  to  partial  cross 
sections  previously  obtained  in  Rb~  (reference  7)  and  Cs”  photodetachment.^  In 
the  derivation  of  the  equation  (11)  there  is  no  restriction  on  the  positions 
of  the  resonance  poles,  thus  it  can  be  applied  to  threshold  behaviors  affected 
by  poles  located  either  above  the  thresholds  (Ej^>Eg,  l.e.  shape  resonances,) 
or  below  the  thresholds  (Eg<Eg,  l.e.  Feshbach  resonances).  Figure  3  and 
Figure  4  show  the  squares  of  the  partial  cross  sections  for  the  first  opening 

+  es  channel  in  Rb”  phocodecachment  by  Frey  et  al.^  and  in  Cs~ 
phocodetachmenc  by  Head  et  al.^  Because  there  are  s-wave  thresholds,  the 
Wigner  law  Is  ~  (E-Eg),  and  in  these  figures  non-Wlgner  behavior  due  to  the 
presence  of  Feshbach  resonances  Chat  lie  below  the  thresholds,  shows  up  as 
deviations  from  linearity  of  (?  vs.  hv  (dashed  curves).  The  Wigner  law  holds 
for  an  energy  range  less  than  the  experimental  resolutions  (-0.2  cm~^).  The 
solid  curves  represent  fits  to  Equation  (12),  which  yielded  the  fit  parameters 
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FIGURE  I 

He”  photodetachment  cross  sections 
near  the  He(2^P)  threshold  which 
is  strongly  affected  by  the  He  (  P®) 
shape  resonance •  Dashed  curve: 
least-square  fit  of  the  first  seven 
data  to  Wigner  threshold  law.  Solid 
curve:  least-square  fit  to  the 
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FIGURE  3 

The  square  of  the  partial  cross 
sections  for  Rb"  photodetachment 
to  the  Rb(^Pj/2^  *’1' 

Dashed  curve:  visual  fit  of 
near-threshold  data  to  Wigner 
threshold  law.  Solid  curve: 
least-square  fit  to  the  modified 
form. 


FIGURE  2 

He”  photodetachment  cross  sections 
near  the  He”  (*p®)  shape  resonance. 
Solid  curve:  least-square  fit  to  the 
modified  form. 


FIGURE  4 

The  square  of  the  partial  cross 
sections  for  Cs”  photodetachment 
to  the  C8(^Pj^2) 

Dashed  curve:  visual  fit  near 
threshold  fit  to  Wigner  threshold 
law.  Solid  curve:  least-square 
fit  of  all  data  to  the  modified  form. 
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Ed - 17  cm” 

C^. 


and 


r  ~  1  cm~‘-  for  Rb”,  and  ~  -27  cm”'-  and  r  ~  8  cm”^  for 


-1 


3.  TWO-CHANNEL  THRESHOLD  BEHAVIOR  NEAR  A  VIRTUAL  STATE 

The  negative  alkall-mecal  Iona  have  the  valence  electronic  configuration 
ns^,  so  the  first  excited  state  in  Li”  photodetachment  occurs  as 
h\H-Li”(2^S)-»Ll(2^P)+e8.  Moores  and  Norcross'’*  performed  an  ab  initio 
calculation  of  the  total  photodetachment  cross  section  for  Li  •  They  also 
used  effective-range  theory  to  generalized  the  Wlgner  threshold  law  for  the 
many-channel  case  and  compared  it  to  their  calculations  near  the  "Wlgner  cusp" 
that  occurs  at  the  opening  of  the  s-wave  channel  at  the  2^P  threshold.  They 
found  that  their  partial  cross  sections  could  not  be  adequately  described  by 
the  Wlgner  law  even  0.07  meV  away  from  the  threshold  and  attributed  this 
deviance  to  "resonant  behavior,"  taking  note  of  the  rapid  variation  in  the 
phase  shift  of  their  final-state  wave  functions.  In  rearranged  form,  the 
Wlgner  law  for  the  photodetachment  cusp  derived  by  Moore  and  Norcross'*  can  be 
expressed  as 


0-0  (1-A/E-E) 

o  o 


(13a) 


below  the  threshold,  and  by 


o  -  (1  -  B  /  E  -  E^)  (13b) 

above  the  threshold.  Here,  is  the  total  cross  section  at  the  threshold 
energy,  E'Eg,  and  A  and  B  are  constants. 

We  have  measured  the  cross  sections  for  Li”  photodetachment  in  the  region 
of  the  L1(2^P)  threshold.^  An  examination  of  the  results  showed  that  the 
cross  section  rapidly  deviates  from  Equations  (13a)  and  (13b),  in  agreement 
with  the  findings  of  Moores  and  Norcross.'^  Noting  that  their  calculated 
phase  shift  although  changing  rapidly  Just  below  the  2^P  threshold,  did  not 
quite  reach  i(/2,  we  sought  to  interpret  the  deviations  from  the  Wlgner  law  as 
resulting  from  the  near  presence  of  a  virtual  state.  In  this  case  we  were 
able  to  use  the  theoretical  Ajrk  of  Nesbet'^^  on  multichannel  s-wave  threshold 
structure  in  electron  scattering.  We  derived  an  appropriate  parametric  formu¬ 
lation  of  the  cross-section  behavior  that  contains  corrective  terms  to 
Equations  (13a)  and  (13b)  accounting  for  these  effects. 

We  consider  a  two-channel  scattering  system,  in  which  channel  1  is  contin¬ 
ually  open,  and  the  channel  2,  with  M)  outgoing,  is  open  above  a  threshold 
energy  Eg.  By  applying  Equations  (1),  (2),  (13),  and  (16)  of  Nesbet''^  to  this 
system  and  neglecting  second  order  terms,  the  total  cross  section  E<Eg  can  be 
shown  to  be  approximated  by 

o  ~  [l  -  (2tan  t,^)  (yj^  p  [7f”"p)  ]  (14a) 

for  energies  E<Eg,  and  by 

-  ojl  -  (1  -  cot\)  |y|V  ] 


a 


(14b) 
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fuir  energies  E>Eq.  Here,  and  are  the  total  cross  section  and  the  phase 
shift  of  channel  1  at  Eg,  k  and  n  are  defined  by  k^«-K^«2(E-Eg),  and  Eg-p^/2 
is  Che  energy  level  of  Che  virtual  state,  for  which  p>0.  The  above  equations 
can  be  transformed  so  that  for  E<Eg, 


A  /  E  -  E 

_ o _ 

/  E  -  E  +  /  E  -  E 

O  O  V 

and  for  E>Eq, 

B  /"e  -  E 

a  ~  [l  _  ^  (15b) 

o  o  V 

where  A  and  B  are  constants,  and  E^-Eg-p^/l.  We  note  that  Equations  (15a  and 
15b)  are  equivalent  to  the  norroal  Uigner  “cusp”  formulae  as  expressed  by 
Moores  and  Norcross,^^  but  modified  In  the  denominator  of  the  second  terms  to 
include  the  effects  of  the  virtual  state.  When  j Eq-E^ j » | E-Eq | ,  i.e.,  \Aien 
the  virtual  state  Is  far  removed  from  Eq,  they  become  the  same.  The  phase 
shift  of  channel  1  at  E*Eq  can  be  obtained  from  the  relation 

B/A  -  [p  (1  -  /  2  /T  .  (16) 

Figure  5  shows  our  results  of  bl”  photodetachmenc  near  Ll(^P)  +  es 
threshold  where  a  Wlgner  cusp  is  expected.  While  the  Wlgner-law  (Equations 


o  ~  a  fl 

n  *• 


FIGURE  5 

Li”  total  phocodetachraent  cross  sections  near  the  L1(2^P)  threshold, 
where  the  Wlgner  cusp  is  affected  by  a  virtual  state.  Dashed  curve: 
visual  fit  of  near-threshold  data  to  Wlgner  form.  Solid  curve: 
least-square  fit  of  all  data  to  the  modified  form. 
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(13a)  and  (13b))  fit  deviates  rapidly  front  the  data,  a  very  good  fit  Is  given 
by  Equations  (ISa)  and  (15b).  These  equations  not  only  give  an  accurate  value 
of  Eq,  but  also  provide  InfomtaClon  on  the  resonance  state.  The  fitting 
yielded  Ey*2.4652db0.0006  eV  and  P^/2“55 tlO  raeV  with  ^0  (a  virtual  state).  The 
phase  shift  at  threshold  obtained  from  the  present  result  Is  1.4jD.l 
radian,  which  la  In  good  agreement  with  the  value  calculated  by  Moores  and 
Norcross  (~1.3  radian). Although  random  fluctuations  In  the  data  from  this 
brief  experiment  do  not  allow  more  accurate  and  detailed  analysis  near  the 
threshold,  the  general  shape  of  the  cross  section  still  reveals  a  Ulgner  cusp 
In  good  detail  and  shows  that  It  la  strongly  affected  by  the  virtual-state. 
Because  most  excited  opening  electron  scattering  and  photodetachment  channels 
are  accompanied  by  neighboring  negative  Ion  resoances,  these  effects  would 
seem  to  be  quite  common,  and  virtual  state  resonance  effects  can  be  generally 
expected  near  excited  s-wave  channel  thresholds  where  Feshbach  resonances  are 
not  observed  below  the  thresholds. 

(Note:  In  the  course  of  this  work  we  were  unaware  of  a  recent  analytical 
theory  of  resonances,  virtual  states  and  bound  states  in  electron-molecule 
scattering,  by  Domcke.^^  His  treatment  Is  more  general  than  ours,  and  would 
doubtless  yield  similar  results  when  adapted  to  our  specific  problems.) 

We  are  grateful  to  T.  P.  O'Malley  and  D.  L.  Huestls,  and  D.  W.  Norcross  for 
helpful  theoretical  discussions  and  information,  and  to  R.  D.  Mead,  W,  C. 
Lineberger  and  H.  Hotop  and  coworkers  for  enthusiastically  offering  their  data 
for  our  analysis.  This  work  was  supported  by  the  NSF  under  Grant  No. 
PHY-81-11912  and  by  the  AFOSR  under  Contract  No.  F49620-82-K-0030. 
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EXPERIMENTS  ON  MASS- RESOLVED  CLUSTERS  OF  SEMICONDUCTORS 


L.  A.  BLOOMFIELD,  M.  E.  GEUSIC,  R.  R.  FREEMAN,  and  W.  L.  BROWN 
AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974 

An  experimental  technique  that  produces  both  neutral  and 
ionized  semiconductor  clusters  is  described.  Cluster  ions  of 
from  2  to  several  hundred  atoms  are  observed.  Positive  and 
negative  cluster  ions  are  mass-selected  and  studied  by  photo¬ 
fragmentation  or  photodetachment. 


1.  INTRODUCTION 

The  study  of  small  atomic  clusters  has  developed  recently  as  a 
means  for  understanding  the  connection  between  the  properties  of 
solids  and  those  of  their  constituent  atoms.  These  clusters  of 
from  2  to  a  few  hundred  atoms  bridge  the  gap  between  atomic  and 
molecular  physics  and  the  physics  of  solid  state.  One  of  the  most 
interesting  observations  about  clusters  is  the  existence  of 
"magic  numbers,"  sizes  which  are  more  easily  produced  and  less 
fragile  than  clusters  differing  in  size  by  one  or  more  atoms  (1- 
8).  Knowing  which  clusters  are  the  most  stable  is  extremely 
helpful  in  understanding  the  structure  of  these  tiny  pieces  of 
matter . 

Until  now,  most  "magic  numbers"  have  been  found  indirectly  by 
producing  a  mixture  of  various  clusters  and  then  counting  them  to 
see  which  clusters  are  unusually  common.  But  the  process  of 
detecting  and  counting  the  clusters  involves  ionizing  them,  a 
procedure  which  is  likely  to  break  the  cluster  as  it  removes  an 
electron  (9) .  Thus  most  previous  studies  have  involved  some 
initial  assumptions  about  the  fragility  of  the  clusters  and  the 
correspondence  between  a  strong  signal  of  ionized  clusters  and  a 
"magic  number"  in  the  original  neutral  species. 

To  avoid  these  ambiguities,  we  have  employed  two  new 
techniques  in  our  attempt  to  understand  the  structure  of  the 
semiconductor  clusters.  First,  we  have  produced  beams  of 
positively  ionized  clusters  (silicon,  carbon,  and  germanium) 
which  have  been  purified  so  as  to  contain  only  a  single  cluster 
size.  A  laser  beam  is  used  to  study  the  photofragmentation  of 
these  cluster  ions,  both  to  measure  the  intensity  of  light  needed 
to  break  them  as  well  as  to  observe  the  fragments  which  remain 
after  the  original  clusters  break.  In  this  manner,  we  have 
measured  the  total  photofragmentation  cross  sections  for  positive 
silicon  cluster  ions  of  between  2  and  11  atoms  (Fig.  1),  along 
with  the  branching  ratios  of  these  clusters  to  smaller  fragments 
(F^g.  2).  ^These  studies  give  cleat  indication  that  clusters  of 
Sig  and  Sit.  are  "magic."  Similar  experiments  in  carbon  have 
demonstrated  that  C,  is  a  "magic  fragment"  during  the  breakup  of 
larger  cluster  ions. 

The  second  technique  which  we  have  developed  for  use  with 
refractory  materials  such  as  the  semiconductors,  is  one  in  which 
the  clusters  are  produced  as  ions  rather  than  as  neutrals. 
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Removal  of  the  photoionization  step  eliminates  the  ambiguities 
introduced  by  photofragmentation  during  photo ioni ration . 
Furthermore,  negative  cluster  ions  are  easily  produced  and 
provide  considerable  information  concerning  the  effect  of  charge 
(positive  or  negative)  on  the  "magic  numbers"  and  thus  on  the 
structure  of  the  cluster  ions  themselves. 


"  (  1 
I 


Figure  1 

Relative  total  photofragment¬ 
ation  cross  sections  for 
silicon  positive  cluster  ions 
at  532  nm.  One  unit  is 
equal  to  7(3)*10"'^^. 


fragmentation  of  silicon  positive 
cluster  ions  with  532  nm  light. 


2.  APPARATUS 

The  apparatus  is  shown  schematically  in  Fig.  3.  The  clusters, 
both  neutral  and  ions,  are  produced  by  laser  vaporization  of  the 
sample  rod  by  the  focused  beam  of  a  Nd:YAG  laser  (532  nm) .  These 
clusters  are  entrained  in  a  pulse  of  carrier  gas,  usually  helium, 
which  undergoes  a  supersonic  expansion  into  the  first  of  a  series 
of  vacuum  chambers.  The  version  of  the  apparatus  drawn  in  Fig.  3 
is  specialized  to  the  observation  of  ions  produced  in  the  cluster 
source.  The  ions  enter  the  acceleration  region  undeflected 
following  which  the  plates  are  raised  to  high  voltage.  The  ions 
are  accelerated  to  a  constant  energy  and  dispersed  in  time  along 
the  horizontal  t ime-of-f 1 ight  region.  A  similar  version,  which 
is  specialized  to  the  observation  of  neutrals,  involves  an 
excimer  laser  for  photoionization.  In  this  case,  the 
acceleration  plates  are  kept  at  high  voltage,  excluding  the  ions, 
and  only  the  neutral  clusters  enter  undeflected.  The  neutrals 
are  then  photoionized  and  the  resultant  positive  clusters  are 
accelerated  and  dispersed  in  time. 

Mass  selection  of  the  accelerated  cluster  beam  is  possible 
using  the  pulsed  mass  isolation  plates.  By  switching  the  field 
present  on  these  plates,  it  is  possible  to  deflect  all  but  the 
desired  cluster  ion  packet  away  from  the  axis  of  the  time-of- 
flight  tube.  Thus  only  the  selected  cluster  packet  continues 
unaffected  through  the  apparatus.  Further  experiments,  either 
photofragmentation  for  positive  ions  or  photodetachment  for 
negative  ions,  can  be  carried  out  in  the  deacceleration  and 
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reacceleration  region  of  the  time-of-f 1 ight  path.  A  laser  is 
used  to  change  the  mass  or  charge  of  the  cluster  ions  and  the 
resultant  fragments  are  reaccelerated  to  a  different  potential. 
The  fragments  again  disperse  in  time  and  are  observed  at  the 
microchannel  plate  detector.  Neutral  fragments  are  not 
reaccelerated  and  simply  coast  into  the  detector,  which  registers 
them  weakly. 


Figure  3 

Experimental  apparatus:  Cluster  neutrals  and  ions  are  produced 
in  the  source  by  laser  vaporization  of  a  sample  rod.  These 
particles  are  (ionized  and'  accelerated  in  the  acceleration 
region  and  dispersed  by  a  time-of-f 1 ight  technique.  Individual 
masses  can  be  selected  for  photofragmentation  or  photodetachment. 


3.  OBSERVATIONS 

Spectra  of  the  clusters  produced  by  laser  vaporization  are 
shewn  in  Fig.  4  (carbon)  and  Fig.  5  (silicon)  .  The  upper  two 
traces  in  each  figure  are  the  negative  cluster  ions  (top)  and 
positive  ions  (second)  produced  in  the  source.  The  positive  ion 
trace  can  be  compared  with  the  signals  observed  when  the  neutral 
clusters  are  ionized  and  the  resultant  positive  clusters  are 
accelerated  toward  the  detector  (third  trace).  In  both  carbon 
and  silicon,  photoionization  increases  the  contrast  between 
strong,  "magic"  peaks  and  the  weaker  peaks  corresponding  to  less 
common  clusters.  This  increased  contrast  is  due  in  part  to  a 
greater  photofragmentation  of  the  less  common,  mote  fragile 
clusters.  The  extreme  example  of  this  effect  is  visible  in  the 
carbon  positive  ions,  where  the  ionized  neutrals  contain  no  odd 
cluster  ions  for  masses  larger  than  30  atoms.  The  positive  ions 
produced  in  the  source  do  contain  large  odd  clusters,  showing 
only  a  weak  even/odd  alternation  above  mass  30. 

The  fourth  trace  for  carbon  shows  the  photofragmentation  of  a 
large  carbon  cluster  (ct.)  with  very  intense  light.  The 
intensity  of  the  light  permits  multiple  fragmentation  of  the 
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clusters.  The  spectrum  produced  by  this  breakup  closely 
resembles  that  of  ionized  neutrals  (for  cluster  ions  larger  than 
about  8  atoms)  and  indicates  that  photoionization  of  the  neutral 
probably  involves  considerable  photofragmentation  as  well. 
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Figure  4 

Spectra  of  carbon  cluster  ions, 
(a)  and  (b)  are  negative  ions 
and  positive  ions  produced  in 
the  source,  (c)  are  ionized 
neutral  clusters,  and  (d)  are 
the  fragments  produced  Ijy 

photofragmentation  of  ct„. 
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Figure  5 

Spectra  of  silicon  cluster  ions, 
(a)  and  (b)  are  negative  ions 
and  positive  ions  produced  in 
the  source,  and  (c)  are  ionized 
neutral  clusters. 


Photofragmentation  measurements  (10),  shown  in  Figs.  1  and  2 
for  silicon,  have  given  additional  information  about  the  "magic 
number|"  in  the  semiconductor  clusters.  The  strong  rows  at  Si^ 
and  Sij^g  as  final  states  indicate  that  these  cluster  ions  are 
either^unusually  stable  energetically,  or  are  more  easily 
produced  than^ad jacent  cluster  sizes.  The  structure  in  the 
breakup  of  Si^j^  into  clusters  with  from  4  to  7  atoms  also 
indicates  that  the  initial  cluster  structure  may  play  a  role  in 
determining  which  fragments  are  produced.  Photofragmentation  of 
carbon  clusters  indicates  that  the  principal  decay  mode  for  the 
light  positive  cluster  ions  (4  to  20  atoms)  is  to  emit  a  neutral 
C,.  Again,  C,  is  either  an  unusually  stable  fragment  or  a  basic 
building  blocR  of  the  larger  cluster  ions. 

Photodetachment  measurements  of  the  negative  clusters  ions  are 
also  possible.  The  electron  is  easily  removed  with  a  laser  pulse 
and  the  neutralized  clusters  coast  into  the  detector  at  a  speed 
which  is  independent  of  accelerating  voltages.  N  charged 
photofragments  of  negative  cluster  ions  are  observed. 


Mass-Resolved  Ousters  of  Semiconductors 


811 


4.  CONCLUSION 

We  have  demonstrated  a  technique  which  produces  neutral  and 
charged  clusters  of  semiconductors  and  have  measured  the  relative 
abundances  of  the  cluster  ions  produced  in  the  source  or  by 
photoionization  of  the  neutrals.  We  have  also  studied  the 
photofragmentation  and  photodetachment  of  the  cluster  ions  and 
have  obtained  additional  information  about  the  structure  and 
stabilities  of  the  various  cluster  sizes. 
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Low  resolution  vibrational  predissociation  spectra  of  hydrogen  cluster  ions 
Hn(n=5,7,9,ll,13,15)  have  been  obtained  in  the  gas  phase.  These  ions  have 
been  shown  to  have  H2  molecules  attached  to  the  apexes  of  hJ  in  the  ^ 
initio  calculations.  Two  vibrational  modes  have  been  observed.  One,  corre¬ 
sponding  to  an  H-H  stretch  of  an  H2  attached  to  H|,  occurs  at  3910  cm-l 
in  H5  and  shifts  to  higher  frequencies  for  the  larger  cluster  ions.  The 
second  mode,  which  has  only  been  seen  in  H5,  is  located  at  3532  cnrl  and 
corresponds  to  an  hJ  symmetric  ring  stretch.  The  experimental  results  are 
compared  with  ^  initio  theory. 


1.  INTRODUCTION 

The  vibrational  predissociation  spectra  of  gas  phase  hydrogen  cluster  ions 
have  been  obtained  in  our  laboratory.  The  stimulus  for  this  particular  work  was 
provided  by  recent  ^  initio  predictions  of  the  structures  and  frequencies  of 
H5,  H7,  and  Hg  by  Yamaguchi,  Gaw,  and  Schaefer  (1).  The  predicted  structures 
are  composed  of  an  H3  ion  with  H2  moieties  complexed  around  it.  The  first 
three  hydrogen  molecules  are  bound  directly  to  the  apexes  of  the  H3  ion  with 
the  H-H  bond  perpendicular  to  the  h|  plane.  The  study  of  cluster  ion  spectro¬ 
scopy  is  of  fundamental  importance  toward  the  goal  of  understanding  solvation 
phenomena  at  the  molecular  level. 

Although  little  has  been  done  on  the  spectroscopy  of  ion  clusters,  a  fair 
amount  of  work  has  gone  toward  the  study  of  the  kinetics  and  thermodynamics  of 
such  ions.  The  hydrogen  cluster  ions  have  been  the  target  of  many  such  pro¬ 
jects.  The  dissociation  energy  of  Hg  has  been  studied  by  many  groups  with 
varying  results  (2-5).  One  of  the  difficulties  in  measuring  such  a  quantity  has 
been  the  requirement  that  equilibrium  be  reached  between  the  relevant  ions  and 
hydrogen  molecules.  Recently,  Elford  (6)  has  used  a  variable  length  drift-tube 
to  ensure  that  his  measurements  are  reliable.  Beuhler,  Ehrenson,  and  Friedman 
(7)  have  also  carried  out  careful  measurements  of  dissociation  energies  avoiding 
previous  sources  of  error.  These  two  groups  have  obtained  values  of  ~6  kcal/mole 
and  ~3  kcal/mole  for  the  dissociation  energies  of  the  reactions  H^  — >  H^  +  H2 
and  Hj  — »  H^  +  H2,  respectively.  These  values  are  in  excellent  agreement 
with  the  theoretical  results  of  Yamaguchi,  et  al.  (1). 

In  this  paper,  we  report  on  the  observation  of  two  vibrational  modes  in  the 
hydrogen  cluster  ions.  One  of  the  modes  detected  was  that  corresponding  to 
excitation  of  an  H-H  stretching  motion  of  an  H?  attached  to  the  apex  of  hJ. 

This  mode  was  seen  in  the  ions  Hp  (n=5,7,9,ll,l3,15).  The  second  mode  observed 
corresponds  to  excitation  of  the  Hj  symmetric  stretch.  To  date,  this  mode  has 
only  been  observed  in  Hg. 


2.  EXPERIMENTAL 

The  apparatus  is  shown  in  Fig.  1.  The  ion  source  consists  of  a  supersonic 
expansion  of  ultra  high  purity  hydrogen  (stagnation  pressure  of  20-40  atm. 


SOURCE 


DETECTOR  TRAP 

FIGURE  1 

Schematic  of  the  apparatus. 


130  K)  through  a  10  um  diameter  nozzle  followed  by  electron  bombardment  ioni¬ 
zation  of  the  neutral  clusters  formed  in  the  expansion  process.  A  sector  magnet 
selects  the  desired  ion  mass  which  then  is  directed  into  a  radio  frequency 
octupole  trap.  After  the  tunable  infrared  laser  interacts  with  the  parent  ions, 
fragment  ions  travel  through  a  quadrupole  mass  filter  into  our  detector.  Thus, 
“absorption  spectroscopy"  can  be  carried  out  by  scanning  the  laser  frequency  and 
monitoring  the  dissociation  product  ion  signal. 

Two  laser  systems  were  used.  The  initial  laser  system  was  a  Nd:YAG  pumped 
LiNbOg  optical  parametric  oscillator  (OPO)  (8).  This  was  tuned  from  3800  to 
4200  cm"!  with  a  linewidth  of  roughly  10  ctirl.  The  pulses  were  generally  8  nsec 
long  and  gave  us  4  to  6  mO  per  pulse  at  a  10  Hz  repetition  rate.  The  OPO  was 
selected  as  the  initial  laser  partly  because  its  wide  linewidth  made  scanning 
over  a  large  frequency  range  in  a  reasonable  amount  of  time  practical  and  partly 
because  it  provides  relatively  high  power.  We  found  the  location  of  the  peaks 
corresponding  to  the  H-H  stretch  in  Hi,  hJ,  H$,...,hJ^5  with  the  low  resolution 
OPO. 

The  second  laser  system  used  was  a  Burleigh  F-center  laser  which  has  much 
higher  resolution.  Without  its  intracavity  etalon  the  resolution  was  0.5  cnr^ ; 
with  the  etalon  the  resolution  became  -3x10”^  cnrl.  In  these  experiments,  it 
became  advantageous  to  have  the  ions  travel  continuously  through  the  machine 
rather  than  trapping  them.  To  vary  the  Doppler  width,  which  was  estimated  to  be 
<0.2  cnrl  when  trapping,  the  ion  energy  in  the  interaction  region  ranged  from 
1  to  100  eV. 


3.  RESULTS  AND  DISCUSSION 

The  spectra  of  H^,  H^,  and  H^  shown  in  Fig.  2  and  3  were  taken  with  the 
optical  parametric  oscillator  (OPO)  and  correspond  to  excitation  of  the  mode 
resembling  an  H-H  stretch.  No  rotational  Structure  has  been  resolved,  although 
the  rotational  spacing  calculated  from  the  Cl  geometry  of  ref.  1  for  the  aJ-*! 
transitions  is  estimated  to  be  6  to  7  cm-I.  An  initial  hypothesis  to  explain 
the  broadness  of  the  peaks,  which  in  some  cases  exceeded  100  cnrl,  was  a  com- 


Vibrational  Predissociation  Spectroscopy  of  Hydrogen  Cluster  Jons 


815 


XBL  «S6‘283»A 


FIGURE  2 

Predissociative  spectra  of  H5  and 
taken  at  a  resolution  of  ~10  cnrl. 
Upper  plot:  spectrum  of  H5  detec¬ 
ting  H3  fragments.  Lower  plot: 
spectrum  of  H7  detecting  H5  (solid 
curve)  and  hJ  (dotted  curve). 
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FIGURE  3 

Predissociative  spectra  of  Hg 
detected  by  monitoring  fragment 
ion  signal  for  all  three 
channels  (av  =  10  cttrl). 


bination  of  the  broad  linewidth  (~10  cnr^)  of  the  OPO  and  the  population  of  a 
large  number  of  rotational  states.  This  possibility  has  been  ruled  out  by  the 
experiments  done  with  the  F-center  laser  which  also  yielded  broad  spectra.  Two 
other  explanations  that  would  account  for  the  broadness  of  the  peaks  are  an 
extremely  short  predissociative  lifetime  of  the  parent  ion  and  the  high  internal 
excitation  of  the  ions  causing  spectral  congestion.  The  first  of  these  alter¬ 
natives  seems  quite  improbable  because  to  obtain  homogeneous  broadening  of  100 
cm“‘  necessitates  a  predissociative  lifetime  on  the  order  of  0.03  psec.  The 
second  hypothesis  will  be  tested  using  a  corona  discharge  source  where  the  ionic 
clusters  will  be  formed  in  the  expansion  process  through  a  70  urn  nozzle.  The 
clusters  formed  will  be  much  colder  than  the  original  source  where  neutral 
clusters  were  ionized  by  electron  bombardment  to  form  the  cluster  ions. 

The  spectrum  of  H5  is  qualitatively  different  from  that  of  the  larger  cluster 
ions.  The  long  tail  on  the  blue  side  may  arise  from  combination  bands  involving 
the  low  frequency  motion  of  the  center  hydrogen  atom  as  it  oscillates  between 
two  equivalent  structures,  e.g.  h5*H2  <=>  H2  'H^.  Because  the  center  of  charge 
oscillates  across  the  center  of  mass,  the  transition  moment  will  be  very  large. 
The  larger  cluster  ions,  in  the  analogous  motion,  would  not  be  oscillating 
between  two  equivalent  structures. 

Figure  2  also  shows  the  spectra  of  fragmenting  to  H5  and  H3  scaled  to 
equal  maximum  peak  heights.  Both  peaks  are  significantly  narrower  than  that  of 
H5  and  the  peak  on  the  blue  side  much  smaller,  especially  for  the  H5  fragment. 
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Table  1. 

Infrared  Absorption  Frequencies  in  cnrl 

for  the  Hydrogen  Cluster  Ions, 

Experimental® 

Calculated  Origin^ 

3532 

— 

3910 

3844*^ 

Hg 

3980 

4020 

3992,  3995'* 

4015'* 

Hn 

4028 

— 

4037 

— 

4040 

— 

a)  This  work.  Peak  of  the  observed  band,  to  within  10  cnr^. 

b)  Ab  initio  calculations  from  References  1  and  9.  The  frequencies  reported  are 
harmonic  frequenices  obtained  by  analytic  gradient  SCF  and  Cl  calculations. 
The  frequenices  in  this  column  have  been  corrected  for  anharmonicity  and 
systematic  deviations  by  subtracting  the  difference  between  the  harmonic 
frequency  calculated  for  H2  and  the  experimental  (l*-0)  origin. 

c)  OZ+P  basis  set,  full  Cl,  see  Ref.  9. 

d)  DZ+P  basis  set,  SCF,  see  Ref.  1. 


The  absorption  spectra  from  Hg  dissociating  to  Hj,  H^,  and  is  shown  in 
Fig.  3.  A  small  depletion  peak  is  evident  in  the  H5  — *  spectrum.  Its 

location  corresponds  to  the  absorption  peak.  In  comparing  the  peak  position 
of  the  H7  fragment  spectra  with  those  of  H5  and  H3,  the  slight  apparent  shift 
may  actually  be  due  to  the  depletion.  Note  that  once  again  the  smaller 
fragment  ion  (H^)  has  the  broadest  peak  shape. 

A  comparison  of  the  experimentally  found  peak  positions  with  the  theoretical 
predictions  is  shown  in  Table  1.  The  calculated  values,  which  include  a  semi- 
empirical  correction,  coincide  with  the  experimental  maxima  within  70  cnri.  ^s 
the  rotational  structure  is  not  resolved,  it  is  uncertain  whether  the  peak 
maxima  correspond  to  the  vibrational  band  centers.  Thus,  the  comparison  with 
theory  needs  to  be  interpreted  with  caution.  The  absorption  peak  locations  as  a 
function  of  cluster  size  are  plotted  in  Fig.  4.  The  laser  used  to  find  peak 
positions  was  the  F-center  laser.  Although  the  peak  locations  are  subject  to 
some  uncertainty  due  to  the  broadness  of  the  peaks,  an  interesting  trend  is  ev¬ 
ident  in  inspecting  this  plot.  Although  the  peak  positions  change  substantially 
in  going  from  HS  to  Hj  to  HS,  the  frequency  change  for  the  higher  cluster  ions 
is  marginal.  The  most  likely  explanation  of  this  observation  is  that,  even  in 
the  higher  cluster  ions,  the  H-H  stretch  excited  is  in  one  of  the  three  H2 
moieties  bound  to  an  apex  of  the  Hj.  The  remaining  H2  groups,  which  are  more 
loosely  coordinated  to  the  hJ  ring,  may  very  well  have  frequencies  closer 
to  that  of  free  Ho,  but  are  very  weakly  infrared  allowed. 

The  fragmentation  distribution  of  the  hydrogen  cluster  ions  has  also  been 
monitored.  Results  are  shown  in  Fig.  5.  One  point  to  note  is  that  dissociation 
of  many  Ho  units  takes  place  when  energetically  allowed.  For  example,  in  the 
case  of  HJj,  the  dominant  product  ions  is  H^  which  requires  three  H2  moieties 
to  detach. 

In  addition  to  the  mode  corresponding  to  a  H-H  stretching  motion  in  one  of 
the  H2  moieties,  we  have  also  seen  an  absorption  band  identified  as  originating 
from  the  H^  symmetric  stretch.  This  spectra  is  shown  in  Fig.  6.  Once  again  a 
rather  broad  peak  is  evident;  however,  now  a  significant  shoulder  exists  on  the 
red  side  rather  than  on  the  blue  side  as  described  earlier  for  the  absorption 
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FIGURE  4 

Frequencies  of  hydrogen  stretching  band  absorption  maxima  as  a  function  of 
cluster  size.  Uncertainty  in  peak  position  Is  4v«*10  cnr^. 


spectra  due  to  the  excitation  of  the 
H-H  stretching  mode.  We  were  not 
able  to  find  the  band  arising  from 
the  h5  s^metric  stretching  mode  in 
Ab  Initio  theory  (9)  has  pre¬ 
dicted  this  intensity  to  be  a  factor 
of  sixteen  lower  In  hJ  as  compared 
to  the  H-H  stretching  mode  in  H^. 

In  the  case  of  H^,  the  H^  symmetric 
stretching  mode  Is  predicted  to  be 
only  a  factor  of  four  lower  in  inten¬ 
sity  than  the  H-H  stretching  mode. 


mAGMENT  OJLISTER  MASS 

m  IS7-1I46 


FIGURE  5 

Distribution  of  fragment  ion  mass 
for  each  parent  hydrogen  cluster  ion. 
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FREQUENCY/ CM"! 

FIGURE  6 

Predissociation  spectrum  of  H5  exciting  the  symmetric  stretching  mode 
(av-0.5  cm"I ) . 
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